SUBCOURSE EDITION 
MM0311 9 


ELECTRON TUBES 


READINESS / 
PROFESSIONALISM 


THE ARMY INSTITUTE FOR PROFESSIONAL DEVELOPMENT 


ARMY CORRESPONDENCE COURSE PROGRAM 


Use the Ordnance Training Division website, 
http:/Awww.cascom.army.mil/ordnance/, 
to submit your questions, comments, and suggestions 
regarding Ordnance and Missile & Munitions 
subcourse content. 


if you have access to a computer with Internet capability and can 
receive e-mail, we recommend that you use this means to communicate 
with our subject matter experts. Even if you’re not able to receive e-mail, 
we encourage you to submit content inquiries electronically. Simply _ 
include a commercial or DSN phone number and/or address on the form 
provided. Also, be sure to check the Frequently Asked Questions file 
at the site before posting your inquiry.’ 


NOTE 


Proponency for this subcourse has changed from Signal(SS) to Missile 
and Munitions (MM). 


SIGNAL SUBCOURSE SS0311 


CREDIT HOURS: 10 


CONTENTS PAGE 
ENLOVMAELVON, LEO, SE UGSM Gxcea gues eee eat Saad Sewanee Bie ae Se ete OG ER Seat Be Bee Gere te ii 
TNtroducteron Co. Lessons... tie. coder ote ele eee be esas Stee eee shh oes ii 
Learning: Sera teed wiiit-ded avetitie: Stir gane a Rules a ote e a oblate e wld a an etele ar odes iii 
RESOURCE REGU1 TEMEME Ss. sessdecvs tesdeS <a Aedes vase dive tendo aice cutscene thus vende ive fener ace endo a.re toe iv 
Lesson 1: BISCELON A HMASS LON g.cb 15 se. ote ey uel icy Blea ee ew tee Bhalla e eae 1 
Lesson 2: DV OGSS e ohg eiotsGed eee ee Godlee Ae: Pade Tach oben S Per baa ae 23 
Lesson 3: TELOGS. “HUNGAMEN Ga Ls 0.0.5: Ses. alee dag Gee erae wie bus, are ea eee Seer e le © 57 
Lesson 4: Triode Characteristics and Constants................ 88 
Lesson 5: Multtelement. Tubes io.6 cea ie seine ais tae, tes Ss we eae 130 
Lesson “SOLUCIONS » sects ge tae Ratan we Sa Beha wu BAA ete we Be Bel had ee Baw 165 
SUBCOURSS EXAMS NSE LOM iors, segs sor ags wy ase sor or4 Ge Coins SB! leh 1 Ww Ua gov Gon ot 0 SH Oo gat eat ase oa SL L74 
Changes: G62 IM, Al=662" (Cli! (C2 and: DNA ):o% of Sale eed ot be ee oh Se te 185 
Student. Tnciiry ~SHSSE: tale-t:es le oo Alas 5 ies Grae ash 0 ates hee as be aie res ek Bee eee 190 


VALIDATION INFORMATION 


This subcourse has been validated in the field by continuous use for 
over three years. 


Whenever pronouns or other references denoting gender appear in 
this manual, they are written to refer to either male or female 
unless otherwise indicated. 


SIGNAL SUBCOURSE SS0311, ELECTRON TUBES 
INFORMATION TO STUDENT 


This is an "unsupervised" subcourse and is designed to give you 


an understanding of electron tube theory. Although this is an 
unsupervised subcourse, you should = always feel free to seek 
assistance from your supervisor, peers or someone knowledgeable on 
the subject matter whenever you encounter difficulty. 

The subject of electron tubes has been divided into two signal 
subcourses. This subcourse, SS0311, is concerned with the general 
operational theory of tubes. Signal Subcourse SS0312, which you 
should study next, discusses the various uses and configurations of 
tubes; such as tube oscillators or amplifiers. 


You are urged to complete this subcourse without delay; however, 
there is no specific time limitation on any lesson or the examination. 


INTRODUCTION 


In this age of advanced computer technology and probes into deep 
space which were made possible by the miniaturization of solid state 
circuitry, an invention by Thomas Edison still plays an important 
role in communications and our everyday lives. This invention, the 
electron tube, enables us to enjoy television, radio and safe air 
travel with pin-point navigational accuracy. 


An extremely large variety of electron tubes is used to perform 
many varied functions. In this subcourse you will study the basic 
types of tubes and how they function. 


*** IMPORTANT NOTICE *** 
THE PASSING SCORE FOR ALL ACCP MATERIAL IS NOW 70% 


PLEASE DISREGARD ALL REFERENCES TO THE 75% REQUIREMENT. 
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LEARNING STRATEGY 


This subcourse is comprised of five lessons and the subcourse 
examination, as follows: 


Lesson 1: Electron Emission 


Lesson 2: Diodes 


Lesson 3: Triode Fundamentals 


Lesson 4: Triode Characteristics and Constants 


Lesson 5: Multielectrode Tubes 


Examination 
Credit Hours: 10 


The lesson objectives which you are to achieve will be specified 
at the start of each lesson. Study assignments in the technical 
manual are listed at the beginning of each lesson under text 
assignments. That “portion: -of Che: TM which 1s “relative “to “the: Lesson 
has been extracted from the TM and printed with the lesson. 


When you have completed the lesson text assignment, answer the 
lesson exercises associated with each lesson to insure that you 
understand the subject matter. Check your answers with those 
provided in the lesson solutions portion of this subcourse. Then, 
research the question(s) you have answered incorrectly before you 
proceed to the next lesson. 


Once you have progressed through all five lessons you should be 
ready to take the subcourse examination. Then, mail in the 
examination punch card to receive credit for this subcourse. 


When you see this symbol (V) in the margin of the TM, refer to 
either change 1, change 2 or the DNI corrections. 
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RESOURCE REQUIREMENTS 


Texts and materials furnished: 


--Subcourse booklet, examination 


--TM 11-662, Basic theory and Application of Electron Tubes, 
dated Feb 1952, w/Cl dated 8 Nov 55 and C2 dated 21 Apr 58. Chapters 
1 thru 5 extracted. 


--DNI corrections to TM 11-662. 
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lesson one 


electron emission 


INTRODUCTION 

Electronics has been defined as the 
control of electron flow, especially by the means 
vacuum) tubes. Th terms lectron tubes and vacuum 
interchangeably to refer to a tube in which a flow of 


place in an enclosed space. 


has been removed to 


There are numerous 


type differs from 
characteristics. 
in the development of 
functions of tubes 
equipment. 
TEXT ASSIGNMENT 

T 11-662, 


chapters 1 and 2, 


RESOURCE REQUIREMENTS 


form a partia 


commonly used today 


(2) 


science dealing with the 
f electron 


(or 
tubes ar used 
current takes 


A vacuum tube is one from 


which the air 


1 vacuum. 
types of electron tubes manufactured; each 
the other and has specific electrical 


In this lesson you will study the early experiments 


the electron tube and the various types and 


paragraphs 1 thru 12. 
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LESSON OBJECTIVES 


in commercial and military 


When you complete this lesson you should be able to: 


Explain the Edison ef 


ect. 


Distinguish tube types. 


Plot an ampli: 
signal. 


fied, 


rectified, squared, clipped, 


and 


generated ac 


PAGES 3 THRU 17 
ARE EXTRACTS FROM TM 11-662/TO 16-1-255 


AND ARE PROVIDED AS A SEPARATE PDF DOCUMENT 


SIGNAL SUBCOURSE SS0311 
LESSON 1 - ELECTRON EMISSION 
LESSON EXERCISES 
In each of the following exercises, select the ONE answer that 
BEST completes the statement or answers the question. Indicate your 


solution by circling the letter opposite the correct answer in the 
subcourse booklet. 


Ass The action of changing an alternating current into a pulsating 
direct current is generally referred to as 


a. clipping. c. squaring. 
b. filtering. d. rectifying. 
Zi An electron tube with four elements is called a 
a. diode. c. tetrode. 
b. triode. d. pentode. 
Bes Among the many special Functions which electron tubes are 


capable of performing, which of the following tubes does not amplify? 


a. diode c. tetrode 

b. triode d. pentode 
4, In 1907, Lee DeForest inserted an extra electrode in the form of 
a few turns of fine wire between the filament and the plate of 


Fleming's valve and made a tube called a 


a. rectifier. c. amplifier. 

b. generator. d. clipper. 
5. An electron tube capable of sound reproduction from a 
photographic image on a film is called a 

a. generator. c. phototube. 

b. audion. d. rectifier. 
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6. Electron tubes are classified as diodes, triodes, tetrodes and 
pentodes according to 


a. their circuit function. 
b. amplification factors. 
c. the Edison effect. 


d. the number of elements. 


Ts In all electron tubes, the emitter of electrons is called the 
a. cathode. @: grid. 
b. anode. d. plate. 

For questions 8-12, draw the correct output for function listed. 


8. Amplifier. 


ELECTRON 


SIGNAL 
VOLTAGE 


AMPLIFIER 


19 


9. Clipper. 


ELECTRON 
TUBE 


mii 
Mt 
A-C PULSES He 
CLIPPER 
10. Rectifier. 
ELECTRON 
TUBE 
° + 
ALTERNATING iE 
CURRENT 


RECTIFIER 


a ale Squarer. 


ELECTRON 


AVAVAVE: 


SINE WAVE 


SQUARER 
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12. A-C Generator. 


ELECTRON 


a 


DC VOLTAGE 


A-C GENERATOR 


13. When a filament is heated to incandescence, electrons will flow 
from it to the plate. This effect was first noted by British 
scientist Sir J. J. Thomson and is still known today as the 


a. Edison effect. c. hot cathode. 

b. rectification. d. electron theory. 
14. If a signal equal to 1 volt was fed into an electron tube and 
the output signal was equal to 20 volts, the signal was fed into a 

tube. 

a. rectifier c. squarer 

b. amplifier d. clipper 
15. In 1901 the first wireless telegraph signal spanned the Atlantic 
ocean. The inventor-experimenter credited with this radio signal is 

a. Thomas A. Edison. c. Guglielmo Marconi. 

b. Sir J. J. Thomson. d. J. A. Fleming. 
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16. Thermionic emission of electrons is the release of electrons 
from their original material by 


a. force of collision with an incoming stream of electrons. 
b. cold-cathode ionization action. 
c. application of heat. 


d. chemical action. 


17. The indirectly heated cathode has an advantage over the directly 
heated cathode in that it can 


a. provide almost instantaneous operation. 


b. operate from either an ac or a de source. 


c. use oxide-coated emitters, which are more economical. 


d. provide a constant temperature despite fluctuations in 
heating current. 


18. What filament material provides the greatest durability and can 
withstand overloads when used in thermionic tubes? 


a. Tungsten. 
b. Thoriated tungsten. 
c. Oxide-coated nickel. 


d. Nickel-coated platinum. 
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lesson two 


diodes 
INTRODUCTION 
The simplest form of vacuum tube contains two electrodes--a 
cathode and a plate. This type tube is called a diode. Thomas 
Edison discovered what may be called the earliest diode, his special 
lamp. The modern diode differs little in principle of operation from 
the early versions. However, today's diodes are much improved-- 
higher vacuum, longer life and increased ruggedness. 


Diodes 


are used mainly to change alternating current to a 


pulsating direct current, Since it permits current flow in only one 
direction. 


operation, 


In this lesson you will study the construction, 


characteristics and uses of the diode. 


TEXT ASSIGNMENT 


TM 


11-662, chapter 3, paragraphs 15 thru 29. 


RESOURCE REOUITREMENTS 


Signal Subcourse SS0311 


LESSON OBJECTIVES 


When you complete this lesson you should be able to: 


the construction of the diode tube. 


electrostatic fields. 


ile Explain 
Ze Explain 
Ses Explain 
4. Explain 
Dis Explain 


space charge. 


the relationship between plate-current and plate-voltage. 


characteristic curves. 
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PAGES 25 THRU 50 
ARE EXTRACTS FROM T 11-662/TO 16-1-255 


AND ARE PROVIDED AS A SEPARATE PDF DOCUMENT 


LESSON 2 - DIODES 


LESSON EXERCISES 


In each of the following exercises, select the ONE answer that 
BEST completes the statement or answers the question. Indicate your 
solution by circling the letter opposite the correct answer in the 
subcourse booklet. 


ale In a diode with an indirectly heated cathode, the element that 
collects the electrons is known as the 

a. plate. c. getter. 

b. heater. d. cathode. 
2 The getter is a substance used to facilitate the operation of the 


a. space charge. 
b. evacuation process. 
c. beam-forming plates. 


d. electrode within an electronic tube. 


3 In addition to the heater element, a duodiode tube requires a 
minimum of 


a. two plates and two cathodes. 


b. one plate and two cathodes. 
c. one cathode and two plates. 


d. two plates and one anode. 
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4, Electron flow in a diode tube is best described as the flow of 
electrons from the 


a. plate to the cathode when the cathode is positive in respect 
to the plate. 


b. plate to the cathode when the plate is positive in respect to 
the cathode. 


c. cathode to the plate when the plate is positive in respect to 
the cathode. 


d. cathode to the plate when the cathode is positive in respect 
to the plate. 


Dis What are the four important factors that control a diode's plate 
current? 


a. Cathode temperature, emission rate, space charge, and plate 
potential relative to the cathode. 


b. Emission rate, magnetic field intensity, electrostatic field 
intensity, and cathode material. 


c. Space charge, emission velocity, plate potential relative to 
the cathode, and filament type. 


d. Filament type, cathode temperature, electrostatic field 
strength, and electromagnetic field strength. 


6. Assume that the emission of electrons is in the direction shown 
in B of figure 22 (TM 11-662). When does emission saturation occur? 


a. When all the electrons in the space charge are attracted to 
the plate. 


b. When an increase in cathode temperature fails to increase 
electron emission. 


c. When the space charge becomes so dense that electron flow to 
the plate is cut off. 


d. When an electron is supplied back to the cathode from the 
space charge for each electron emitted by the cathode. 
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he The 


space charge within a diode tube is best described as a 


charge that 


a. is constantly varying in density. 
b. maintains a positive potential with respect to the cathode. 
c. builds up to a point of equilibrium at which it has neither 
negative nor positive characteristics. 
d. remains at a negative potential, regardless of whether a 
positive or a negative charge is applied to the plate. 
8 Figure 25 of TM 11-662 shows a characteristic curve for a diode. 


This curve shows the relationship between the 


a. plate voltage and plate current. 

b. plate current and filament voltage. 

c. filament current and plate voltage. 

d. space charge voltage and plate current. 
SITUATION 


Assume that you are analyzing the characteristic curves of a 
diode tube to determine if the tube is acceptable as the rectifier in 
a power supply. The characteristic curves for the tube are shown in 


figures 29 and 30 in TM 11-662. 


Exercises 9 through 13 are based on the above situation. 


9. Curve ABC in figure 29 is relatively flat along the portion from 


Be COr "Gs 
curve is 


a. 


b. 


This flattened portion of the filament voltage-plate current 
caused by the 


space charge in the tube. 


secondary emission in the tube. 


temperature saturation of the tube. 


dynamic characteristics of the tube. 
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10. Point D on curve ADE in figure 29 is known as the 


a. ionization point. c. operating point. 
b. saturation point. d. cutoff point. 
11. In figure 30, point A on curve ABC indicates that 
a. the plate current is zero when plate voltage is zero. 
b. the space charge is repelling electrons back to the cathode. 
c. a small amount of filament current is added to the plate 
current. 
d. a small amount of plate current flows when plate voltage is 
zero. 
12. To increase the curve to give it the shape shown as the extended 


straight dotted line in figure 30, it is necessary to 


a. 


low 


Cc. 


as 


increase the plate voltage. 


raise the emitter temperature. 


reverse the polarity of battery Epp, 


change from a directly to an indirectly heated cathode. 


13. Assume that curve ABC in figure 30 is being used to determine 


the dc 


a. 


plate resistance of the diode. What is the dc plate 
resistance if the plate voltage is 450 volts? 

6,800 ohms. c. 5,100 ohms. 

6,400 ohms. d. 1,500 ohms. 


Bs 
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14. In 


the characteristic curve shown in figure 32, a saturation 


point is not indicated. This curve illustrates the 
a. theoretical action if the effects of saturation were ignored. 
b. characteristics of a tube with extremely low dc _ plate 
resistance. 
c. primary difference between static and dynamic characteristics 
of diode tubes. 
d. action of an oxide-coated cathode which, for all practical 
circuits, has no saturation point. 
15. The ac and dc resistances of a diode tube are related directly 
to the tube's operating potentials. The ac and de plate resistances 


are related to the plate voltage in such a way that as the 


a. 


16. The 
diode is 
with its 


plate voltage increases, both the ac and de plate resistances 
increase. 


plate voltage increases, both the ac and de plate resistances 
decrease. 


plate voltage decreases, the ac plate resistance decreases, 
and the de plate resistance increases. 


plate voltage decreases, the ac plate resistance increases, 
and the de plate resistance decreases. 


plate-current plate-voltage characteristic of a certain 
shown in figure 33 of TM 11-662. If this diode is operated 
plate voltage varying between 12 and 14 volts, the ac plate 


resistance of the tube will be approximately 


a. 


Ds 


250 ohms. c. 400 ohms. 


300 ohms. d. 500 ohms. 
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17. Both the static and the dynamic characteristic curves depict the 


behavior of electron tubes. The methods 


differ in that the dynamic curves 


a. 


by applying ac voltages to 
are obtained by applying do 


by applying do voltages to 
are obtained by applying ac 


the tubes, 
voltages. 


the tubes, 
voltages. 


when there is NO load in the circuit, 
are obtained when there is a load in the circuit. 


when there is a load in the circuit, 
are obtained when there is NO load in the circuit. 
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lesson three 


triode fundamentals 


INTRODUCTION 


The remarkable achievements in the field of electrons, which 


includes radio, radar, television, guided missiles, etc., are a 
direct result of the discovery of the vacuum tube. The single 
greatest advance in the development of vacuum tube theory and 
application was the audion tube of Lee DeForest. The outstanding 
feature of this tube was the insertion of a third electrode in the 


diode that Fleming had developed. DeForest used his third electrode 
which was placed between the plate and the amount of electron flow. 
Because of the form of this control electrode in the earlier tubes, 
the term grid was applied to it. The grid is now defined as an 
electrode that contains openings through which electrons may pass. 
Physically, it is constructed of mesh, screen or spiral wires placed 
between the plate and cathode. 


Many modern tubes contain more than one grid; so to describe its 
function as well as to differentiate it from other grids, this third 
electrode is called a "control grid." A tube which contains three 
active elements--a cathode, a control grid, and a plate--is called a 
"triode." In this lesson you will study the construction, operation 
and characteristics of the triode. 


TEXT ASSIGNMENT 


TM 11-662, chapter 4, paragraphs 32-44. 


RESOURCE REQUIREMENTS 


Signal Subcourse SS0311 
LESSON OBJECTIVES 


When you complete this lesson you will be able to: 


1. Recognize the major elements of the triode electron tube. 


2. Characterize and explain the function of the control grid. 
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3% Know the func 


4. Know the impo 


on the operation of the triode. 


rtance of the cutoff voltage and 
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tion of the bias voltage and potentials used. 


the ef 


Fect 


it has 


PAGES 60 THRU 81 
ARE EXTRACTS FROM TM 11-662/TO 16-1-255 


AND ARE PROVIDED AS A SEPARATE PDF DOCUMENT 


LESSON 3 - TRIODE FUNDAMENTALS 


LESSON EXERCISES 


In each of the following exercises, select the ONE answer that 
BEST completes the statement or answers the question. Indicate your 
solution by circling the letter opposite the correct answer in the 
subcourse booklet. 


1. In addition to the two elements contained in a diode, the triode 
tube contains a third element that enables it to amplify signals. 
This third element is called a 


a. grid. c. cathode. 

b. plate. d. filament. 
Ze A common check on the operation of a glass electron tube is to 
see if the emitter is incandescent. This is often difficult ina 


triode because the 


a. emitter is often indirectly heated. 


b. plate will usually envelop the emitter surface. 


c. brilliance OF the getter flash hides the emitter 


incandescence. 
d. inside of the tub nvelope is covered with a deposit from 
the getter. 
3% When a vacuum tube is being made, a getter is used to eliminate 
unwanted gases. The material usually used for the getter in a triode 
tube is 
a. molybdenum. c. nichrome. 
b. magnesium. d. tungsten. 
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4. To operate properly, a triode requires three different supply 
voltages: an A-supply, a B-supply, and a C-supply. The functions of 
the A-, B-, and C-voltages are to supply, respectively, the 

a. filament, grid, and plate voltages. 

b. plate, grid, and filament voltages. 

c. grid, filament, and plate voltages. 

d. filament, plate, and grid voltages. 
5. The basic triode amplifier circuit shown in figure 50 (TM 11- 
662) can be divided into three basic systems: the input circuit, the 


cathode circuit, 
circuit element 


a. 
b. 
ey 
d. 


6 


‘ The 
plate 


and the output circuit. 
ts between the 


The output circuit includes 


plate and ground. 
grid and cathode. 
grid and ground. 


plate and grid. 


control grid in a triode tube normally governs the flow of 


current by 


preventing a space charge from being established. 


changing the distance between the wires of the helix. 


producing an electrostatic field which controls the effect of 
the plate's electrostatic field. 


attracting a definite portion of th mitted electrons 
control the number of electrons reaching the plate. 


to 
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de A very small voltage on the control grid can overcome the effect 
of a large plate voltage. This effect, which enables the control 
grid to control plate current, arises from the fact that the 


a. distance between the grid and cathode is much smaller than 
the distance between the plate and cathode. 


b. plate's electrostatic field is perpendicular to the control 
grid's electrostatic field. 


ec. control grid can completely eliminate the space charge. 


d. majority of grids are wound into a helix-like shape. 


8. When applied to the grid, the voltage that reduces the plate 
current to zero is known as the 

a. bias voltage. c. cutoff voltage. 

b. zero voltage. d. saturation voltage. 
9. Figure 51 of TM 11-662 shows a triode circuit and a 
characteristic curve for the triode. If the grid voltage on this 


triode is changed from -2.5 volts to +0.5 volt, the plate current (as 
indicated by the ammeter) will change from 15 mA to approximately 


a. O mA. c. 40 mA. 


b. 32 mA. d. 54 mA. 


10. A de voltage usually is applied to the control grid of a triode 
tube to prevent the grid from becoming positive and drawing current. 
This voltage is termed 


a. bias voltage. c. limiter voltage. 


b. cutoff voltage. d. saturation voltage. 
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11. To maintain a continuously negative potential on the control 
grid of a triode when the signal voltage is 14 volts peak to peak, 
the minimum grid bias that can be used is 


a. —-8 volts. NOTE: A 14-volt peak- 
to-peak signal 

b. -11 volts. is one that varies 
between the limits 

Gs. =15. VoLes. of +7 volts and 
-7 volts. 

d. -29 volts. 


12. The conventional symbol used to indicate the value of dc grid- 
bias voltage is 


a. €p- Cc. Epp- 
Des ea ad. Ea. 
13. In a grid family of static characteristic curves, the individual 


curves indicate a constant value of 
a. grid voltage. ec. grid current. 


b. plate voltage. d. plate current. 

14. Figure 51 of TM 11-662 illustrates a static plate-current grid- 
voltage characteristic. The word "static" indicates that the data 
for the curve was obtained 


a. by using a constant grid voltage. 


b. under "interference-free" conditions. 


c. without a load resistor in the plate circuit. 


d. without changing any of the circuit parameters. 


15. Plate-current saturation is the point at which all electrons 
emitted by the cathode are attracted to the plate and the grid. 
Further positive increases in grid voltage will not increase the 


plate current. This condition can be avoided if the tube's emitter 
is 

a. oxide-coated. c. made of tungsten. 

b. directly heated. d. indirectly heated. 
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16. As grid voltage is made increasingly positive; plate current 
will increase to a certain point. This point occurs when the 


a. grid current exceeds the plate current. 


b. positive potential on the grid can no longer be increased. 


c. emitted electrons are divided between the plate and the grid. 


d. grid's electrostatic field opposes the plate's electrostatic 
field. 

17. A grid family of characteristic curves for a 6J5 is shown in 

figure 53 of TM 11-662. If a 6J5 has plate voltage of 200 volts, 


what is the minimum voltage that can be applied to the grid of this 
triode so that no plate current will flow? 


a. -12.6 volts ec. -15.5 volts 


be. =-13.5 volts d. -18.0 volts 


18. When the bias voltage applied to a 6J5 triode tube is maintained 
at -8 volts and the plate voltage is increased from 200 to 250 volts, 
the plate current will increase approximately 


a. 3.4 mA. c. 6.7 mA. 

Be SS “mA. d. 8.9 mA. 
19. Point B on the 200-volt plate-voltage curve (fig. 53) 
corresponds to a current of 2.1 mA with a negative grid voltage of 9 
volts. If the plate voltage is increased to 250 volts, the grid 


voltage needed to keep the plate current constant at 2.1 mA is 
approximately 


a. —-9.5 volts. c. -12.6 volts. 


b. -11.6 volts. as - =15.43) voles. 


86 


20. The operating potentials of a tube must be adjusted so that 
conduction takes place in the proper operating regions of the 


characteristic curves. Selecting an operating point for a triode on 
the straight portion of the characteristic curves will provide 


a. 


a change in grid current that is inversely proportional to a 
change in plate current. 


the correct cathode temperature for proper thermionic 
emission. 


a change in plate current that is proportional to a change in 
grid potential. 


the smallest change in plate current with a given change in 
grid potential. 
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triode characteristics 
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lesson four 


triode characteristics 


INTRODUCTION 


The behavior of the plate current in a triode (or in any vacuum 
tube that contains three or more elements), under the influence of 


different control-grid and plate voltages, does not occur at random. 
It is a function of the tube design--specifically, the geometric 
organization of the tube electrodes. Examples of thes are th 

separation between the electrodes, shape and dimensions of the 
electrodes and other physical details. It is these factors that 
determine the maximum voltages that can be applied to the electrodes, 
the maximum plate current permissible through the tube, the 
conditions for plate cutoff, and other similar facts. All of these 


are expressed by a group of numbers referred to as tube "constants." 


Tube constants differ from tube characteristics. Whereas the 
characteristic is a graphical representation of tube behavior under 
the particular set of conditions shown, the tube constants are 
individual numerical ratings predicated upon the geometry of the 
tube. Tubes possessing similar relationships, although the specific 
values of grid voltage, plate voltage, and plate current necessary to 
make the tube perform properly may be different for the various 
tubes. The three primary tube constants are amplification factor, ac 
plate resistance and transconductance which will be discussed in this 
lesson. 


TEXT ASSIGNMENTS 


Attached Memorandum, paragraphs 3-1 thru 3-9. 


2s TM 11-662, chapter 4, paragraphs 45-57 


NOTE: Study the attached memorandum before studying the TM 
references. 


RESOURCE REQUIREMENTS 


Signal Subcourse SS0311 
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LESSON OBJECTIVES 


When you complete this lesson, you should be able to: 


1.2 Define tub constants and know how tube constants affect the 
electron-tube circuit. 


Ze Calculate the amplification factor, ac plate resistance, and 
transconductance of an electron-tube circuit. 


om State the purpose and use of the load line and how the load line 
affects the electron-tube circuit. 


4. State the purpose and use of a tube tester, and know how to make 
and interpret tube measurements. 
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ATTACHED MEMORANDUM 


Section I. PEAK-TO-PEAK VOLTAGE 


3-1. SINE WAVE SIGNAL VOLTAGES 


The magnitude of a sine wave signal voltage can be specified by 


giving its peak-to-peak value. This method of describing the 
magnitude of a sine wave voltag specifies the difference in 
potential between the signal's positive and negative voltage peaks. 
For example, the sine wave voltage shown in figure 3-1 of this lesson 
booklet swings 3 volts in a positive direction and 3 volts ina 
negative direction. There is a 6-volt difference in magnitude 
between the positive and negative peaks. The alternating voltage in 


figure 3-1 is therefore referred to as being a 6-volt peak-to-peak 
signal. 


Figure 3-1. A 6-volt peak-to-peak sine wave voltage. 


3-2. DISTORTED SINE WAVES 


If a sine wave voltage is distorted, i.e., if it does not swing 
to an equal peak in both the positive and negative direction, then a 
single peak reference, such as 6 volts peak to peak, does not fully 
describe the signal. To avoid this limitation in the use of the 
peak-to-peak designation, this definition is made: any peak-to-peak 
voltage mentioned in this subcourse is assumed to be an undistorted 
sine wave swinging to an equal peak magnitude in both the positive 
and negative directions. 
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Section II. TUBE TESTERS 


3-3. GENERAL OPERATION 


Tube testers, in general, provide a means of applying typical 
operating voltages to the tube that is being tested. By providing a 
number of sockets or by adjusting several switches and 
potentiometers, a typical filament voltage, grid voltage, or plate 
voltage is applied to the tube. The tube can then be given various 
tests in this "typical" environment. Obviously, if the tube is to be 
used in an application where it is not being operated with these 
"typical" operating voltages, the tube tester will not be likely to 
give an accurate indication of the tube's condition. 


3-4. GASSY TUBES 


If a tube is gassy (that is, if the tube's vacuum is low or 
absent because of insufficient evacuation or the release of gasses 
imbedded in the electrode metals), grid current will flow in spite of 
negative grid bias. Thus, a milliammeter or microammeter in the grid 
circuit can be used to determine whether a tube is gassy. If a 
current is detected when a tube's grid is negatively biased, then 


that tube is gassy. 


3-5. TRANSCONDUCTANCE TEST 


Figure 3-2 illustrates a typical circuit used in making a 


transconductance test. Recommended operating voltages (Eg, E¢, Epp 
etc.) are applied to the tube and a 1-volt rms signal is applied to 
the grid. The ac component of the resulting plate current is 
indicated by the ac milliammeter. The transformer in the plate 
circuit isolates the milliammeter so that it is not deflected by the 
dc component of plate current. The transconductance is then equal to 


the milliammeter 


reading (an rms reading) multiplied by 1000 (9. = tb ) 

e 

g 
For example, if the plate milliammeter reads 3-mA rms, the tube's 
transconductance is 3 x 1000 = 3000 micromhos. The complete 
calculation is: 
Gn = ——b=_3mA = 3x 107? amp = 3 x 107° mhos 
1 volt 1 volt 


= 3,000 x 107° mhos 


= 3,000 micromhos. 
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ACG 
MILLIAMMETER 


A 1-VOLT 
RMS 
SIGNAL i 
I 
GRID-BIAS 
Venice VARIABLE PLATE- 
VOLTAGE SUPPLY 
Figure 3-2. A circuit for a transconductance test. 


3-6. EMISSION TEST 


An emission test is generally made by a circuit of the form 
shown in figure 3-3 below. Rated filament voltage is utilized anda 
reasonable value of voltage is applied to the plate electrode. The 
milliammeter indicates whether the cathode is emitting properly. The 
various remaining electrodes (control grid, screen grid, etc.) are, 
by means of switches, attached to the plate, one at a time. Failure 
of the current to increase when a given electrode is connected is an 
indication that that particular electrode is open-circuited. 


3-7. SHORT TESTS 


Occasionally a short circuit develops between electrodes in 
tube. A test for this condition consists merely in applying 
voltage across the two suspected electrodes. A device to 


PLATE 
MILLIAM- 
METER 


Figure 3-3. A circuit for an emission test. 
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detect current flow (a meter or neon lamp) in series with the voltage 
source will then indicate whether a short exists. Switches on the 
tube tester allow connection of the voltage source across any two 
suspected electrodes. 


3-8. FILAMENT CONTINUITY TEST 


Frequently a tube's filament burns out, leaving an open circuit 
between the filament electrodes. A filament continuity test is 
performed in the same manner as a short test. A voltage source is 


connected across the filament electrode, and current flow indicates 
the filament is "good," that is, not open-circuited. 


3-9. USING A TUBE TESTER 


Most tube testers will perform a variation of some or all of the 
tests discussed. The transconductance (gm ) and emission tests are 


the basic tests performed on most tube testers. It should be 
remembered, however, that a tube tester only provides an estimate of 
the condition of a tube. Many tubes will pass all tube tester tests 
and yet not operate properly in a certain circuit. The ultimate 
check on a tube's operation is to ascertain whether is does its job 
in the circuit in which it is said to be used. 
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LESSON 4 - TRIODE CHARACTERISTICS 
LESSON EXERCISES 


In each of the following exercises, select the ONE answer that 
BEST completes the statement or answers the question. Indicate your 
solution by circling the letter opposite the correct answer in the 
subcourse booklet. 


sila Assume that a 0.2-volt change in the grid voltage on a certain 
triode causes exactly the same change in plate current as does a 4.0- 
volt change in plate voltage. The amplification factor (uw) of this 
triode is 


Bi 2 Ge 20 
bb. 4s d. 40. 
2 Assume that a certain tube's plate current increases from 4 mA 


to. oe; mA when. Che grad voltage, ‘Hae. changes by 0.5. volt. If plate 
voltage must be decreased 30 volts to return the plate current to 4 


mA, the tube's amplification factor (uw) is approximately 
a. 4. ex, 30. 
Des. 25% as, -7 60. 
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SITUATION 


Figure 3-4 below shows a triode circuit and a graph of the plate 
characteristics of the triode. The operating point of the triode is 
indicated on the characteristics by point Q. At point Q, the pla 
current is 7.0 mA and plate voltage is 210 volts. 


te 


Exercises 3 through 7 are based on the above situation. 


Ww 
fs] 
oe 
B30 
a 
kt 
= 12,860 3 
1 , we 
R. ain =20 
A 
= E = 300 v 
bb “10 
3.5 ma 
E 
o 500 
PLATE YOLTS 
Figure 3-4. A basic triode circuit and 
plate characteristics. 
3. At the quiescent conditions indicated by point Q, the do 


resistance of the triode Ro is 


a. 10K. @s... ZAK. 


b. 15K. d. 30K. 
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4. The ac resistance, ps of the tube describes the opposition the 
tube presents to small changes in plate current. The resistance 
offered by this tube to small changes around point Q is approximately 

aa od. 5Ky NOTE: Use the changes 

shown in figure 3-4. 

bs “TOK. 

c. 11.4K. 

d. 14.0K 
Dis If the tube is operating at point Q, (fig. 3-4) and no signal 
is applied to the grid, what is the voltage drop across the load 
resistor? 

a. 40 volts om 140 volts 

b. 90 volts oun 210 volts 
6. It “the -grid-bias voltage; Ese increases. to. a value. so that che 
Cube: 18 cut ort; the voltage drop-across: Ry. will be..egqual to 

a. zero. on 150 volts. 

be. =20 voLts.. d. 300 volts. 
ie If you draw the circuit load line on the plate characteristics 
graph, at what point will it intersect the plate voltage axis? 

a. 90 volts om 210 volts 

b. 150 volts alm 300 volts 
8. Assume that you do not have the characteristic curves for a 
certain tube but you know that is has an ry of 9,000 ohms and a gm of 
3,000 micromhos. You can calculate that this tube's amplification 
factor is 


a. 2s Gis 270. 


b. 30. Cl. 300. 
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Exercises 9 through 13 are based on figure 3-5 below. 


9. The point on the load line that corresponds to the quiescent 
conditions in the circuit of part A in figure 3-5 is point 


a. B. ony Ds 

Drs. “CR ad. BE. 
10. If the grid-bias voltage is momentarily changed to -4 volts, the 
current flowing in the plate circuit will momentarily increase to 

a. 3.5 mA. Gy 4.6 mA. 

b. 4.1 mA. ole 5.8 mA. 


PART A. 


I 
Nh 
Ww 
© 
© 
i=) 
i) 


I 
i) 
i) 
° 
d 


THE TRIODE 


CIRCUIT 


| ‘a | BAR 
FEECCPRY CEE Ee EE 
BREE AS SAHA 


Al | LALLA 
seat aire aes meas 
PPE TAT TYNE TTA TT TA 
PiPyAr tT vi tiv er a A 

POA TAT AT 
PT TAT TP EV a a iA LI 
PTT ATT ALT A TTA yN oH 
PT VITA TATA TAT ST ar A 
PUA TE YT Tir i ire Ar ANI A 
PaERVERY 4EEP AREAS Aee Aaa 
VETTAT TYE ART aT 


150 
PLATE VOLTS 


| Rel 
Sane 


PART B. THE TRIODE'S PLATE 
CHARACTERISTICS WITH LOAD LINE 


Figure 3-5. Analyzing the basic triode circuit. 
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11. Assume that an 8-volt peak-to-peak signal is applied to the grid 


circuit in the manner shown in figure 64 (TM 11-662). The point of 
operation on the load line will then vary between points 

a. A and C. Cx B and E. 

b. A and G. dis B and F. 


12. Assume that a 12-volt peak-to-peak voltage is applied to the 
grid circuit in the manner illustrated in figure 64 of TM 11-662. 
The load line shows that when the signal voltage swings 6 volts 
positive the plate current increases by 3.6 mA, and when the signal 
voltage swings 6 volts negative the plate current decreases by 2.7 
mA. The fact that equal changes in grid voltage cause different 
changes in plate current shows that the 


a. tube is defective. 


b. output will be slightly distorted. 


ec. control-grid bias is not functioning properly. 


d. interelectrode capacitances will be abnormally high. 
13. If the load resistor is changed to 50K, the orientation of the 
load line will change. However, the load line still intersects the 


plate voltage axis at 250 volts, but will intersect the plate current 
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14. As a circuit's load resistance is 
Significant effect upon the linearity of the 
characteristic and, therefore, upon the distortion. 
an increase in the load resistance have 
characteristic and the distortion? 
a. The transfer characteristic becomes 
therefore, the distortion decreases. 
b. The transfer characteristic becomes 
therefore, the distortion increases. 
c. The transfer characteristic becomes 
therefore, the distortion decreases. 
d. The transfer characteristic becomes 
therefore, the distortion increases. 


changed, there is a 


dynamic transfer 
What effect will 


on the transfer 


straighter and, 


straighter and, 


more curved and, 


more curved and, 


a a er ae) 


GRID VOLTS 


PLATE MILLIAMPERES 


15. Figure 3-6 below illustrates the dynamic transfer characteristic 
for a certain triode circuit. Ef, 2a. his  CLreurt,. Beg =" =2 VoLis, 
then the operating point (point of quiescent conditions) on the 
transfer characteristic will be point 

a. A. Ge Ce 

b. B. di «Ds 


Figure 3-6. A dynamic transfer characteristic curve. 
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16. Assume that point D is the operating point on the transfer 
characteristic in figure 3-6, and a 6-volt peak-to-peak signal is 
applied to the grid. The plate current will then vary between the 
limits of 


a. 5 and 22 mA. c. 7 and 20 mA. 

b. 7 and 13 mA. d. 13 and 22 mA. 
17. Assume that you are using the dynamic transfer characteristic in 
figure 3-6 to determin the plate-current waveform for a triode 
circuit biased at -7 volts (point G). If the input signal shown in 
figure 3-7 is applied to the grid, the plate-current waveform will be 


most like the waveform shown in figure 3-7 in the sketch labeled. 
a. A. oo On 


Bs -By ee, «Des 


INPUT 
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18. The interelectrode capacitance existing between a tube's control 
grid and its cathode is designated by the symbol 


a. Cok: Cc. Cgp. 

lee Cgk: d. Coge: 
19. Interelectrode capacitance in an electron tube should be kept as 
low as possible. A high grid-to-plate capacitance is undesirable in 


a triode because it 


neutralizes the feedback action. 


a. 
b. minimizes the possibility of oscillation. 
c. results in harmful interaction between the control grid 
circuit and the plate circuit. 
d. causes distortion by introducing serious curvature in the 
circuit's dynamic transfer characteristic. 
20. Assume that the proper adjustments for a transconductance 
measurement have been made in the circuit shown in figure 3-2 of this 
lesson booklet. If the plate milliammeter indicates a 4.5-mA (rms) 


plate current, the tube's transconductance is 


a. 


lon 


3,500 micromhos. c. 4,500 micromhos. 


4,000 micromhos. d. 5,000 micromhos. 
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LESSON 5 - MULTIELEMENT TUBES 


LESSON EXERCISES 


In each of the following exercises, select the ONE answer that 
BEST completes the statement or answers the question. Indicate your 
solution by circling the letter opposite the correct answer in the 
subcourse booklet. 


The tetrode and pentode tube types often are used in place of 


the triode at frequencies between the audio and microwave ranges. In 
general, the triod requires neutralizing circuits at high 
frequencies because the 


a. interelectrode capacitance couples an undesirable feedback 
from the output circuit back to the input circuit. 


b. secondary emission creates a negative resistance region in 
the tube's transfer characteristic. 


ec. single control grid cannot withstand the high frequency plate 
current. 


d. amplification factor is often too large for high-frequency 
applications. 


2 A fourth electrode, called the screen grid, exists in a tetrode, 
which is not found in a triode. The purpose of the screen grid is to 


a. act as an electrostatic shield between the control grid and 
the plate, thus reducing Cgp 


b. shield the control grid from the effects of secondary 
emission. 


c. supplement the controlling action of the control grid. 


d. collect electrons that do not reach the plate. 
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3% The control grid or plate electrode is sometimes connected to a 
cap on the top of an electron tube. The reason for this practice is 
to 


a. allow visual examination of the electrode. 


b. allow that particular electrode to dissipate its heat. 


c. provide an electrode that will collect the spurious electrons 
rising to the top of the tube. 


d. provide physical separation of the control grid and plate 
electrodes in order to minimize grid-to-plate capacitance. 


SITUATION 


Figure 4-1 shows a tetrode circuit and the plate characteristic 
for the tetrode. 


Exercises 4 through 8 are based on this situation. 


4, Note the four points: A, B, C and D, in part A of figure 4-1. 
The input of the tube in this circuit is between points 


a. A and C. c. Band D. 
b. Band C. d. C and D. 
oir What is the value of the screen grid voltage, Eq? 
a. 100 volts. c. 200 volts. 
b. 150 volts. d. 250 volts. 
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Enc acai 


TETRODE CIRCUIT 


flattery 100 volts 200 v Ep 
2 


TETRODE CHARACTERISTIC 


Figure 4-1. A tetrode circuit and characteristic. 


6. If the pla 


certain minimum value, 


little effect on the 


te voltage in a tetrode circuit is kept greater than a 


large variations in plate voltage will have 
value of plate current. In this circuit, this 


minimum value of plate voltage is approximately 


a. 5 volts. 


b. 50 volts. 


c. 100 volts. 


d. 125 volts. 
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Le The plate characteristic curve shown in part B of figure 4-1 
illustrates how plate current varies with plate voltage. In the 
region between points 3 and 4, both plate current and screen current 
are changed by a change in plate voltage; that is, an increase in 
plate voltage will cause 


a. a decrease in plate current and a decrease in screen current. 


b. a decrease in plate current and an increase in screen 
current. 


Cc. an increase in plate current and a decrease in screen 
current. 


d. an increase in plate current and an increase in screen 


current. 

8. The plate characteristics of a tetrode are said to have a region 
of negative resistance or a region in which a decrease in plate 
voltage will cause an increase in plate current or vice versa. This 
region is noted on the characteristic of part B (fig. 4-1) between 
points 

a. 1 -and 2. c. 2 and 4. 

b. 2 and 3. d. 3 and 4. 
9. Negative resistance effects are greatly reduced in modern 


tetrode tubes. This has been accomplished by 


a. improvements in plate material. 
b. use of isolating top cap connections. 
c. nonuniform design of the control grid. 


d. overlapping design of the grids within the tube. 


10. The purpose of the suppressor grid in a pentode is to suppress 
the effects of 


a. secondary emission. 


b. high plate resistance. 


c. plate-current saturation. 
d. cathode-to-plate capacitance. 
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11. When a pentode is used with a high load resistance, the transfer 


characteristic develops a sharp "knee." This can be a disadvantage, 
because when such curvature in the transfer characteristic is near 
the operating point, it indicates the presence of 


a. abnormally high transconductance. 


b. high grid-to-plate capacitance. 
c. secondary emission effects. 


d. distortion. 


12. A comparison of the two methods of aligning the screen and 
control grids (fig. 82 of TM 11-662) shows that method B allows more 
electrons to reach the plate. Another advantage gained by aligning 
the grids by using method B is 


a. an increase in screen current. 


b. a reduction in plate resistance. 


c. an increase in the amplification factor. 


d. a reduction in the effects of secondary emission. 


13. Consider the effect of the plate voltage, the screen voltage, 
the control grid bias, and the plate load resistance on a pentode's 
transconductance rating. Which of these four can be changed without 
affecting the transconductance? 


a. The plate voltage 
b. The screen voltage 


c. The control grid bias 


d. The plate load resistance 


162 


14. The beam-! 
plane called the virtual cathode. The purpose of this virt 


cathode is to 


forming plates in a beam power tube create an elect 


ric 
ual 


a. repel the secondary electrons emitted from the plate. 

b. repel the electrons emitted from the actual cathode. 

c. increase the plate resistance of the tube. 

d. increase the screen current. 
15. If a pentode's screen and suppressor grid leads are connected to 
the plate lead, the pentode's characteristics will more closely 
resemble those of a 

a. diode. c. tetrode. 

b. triode. d. beam power tube. 
16. Assume that, aS an experiment, you rewind the wires of the 
control grid of a pentode so as to make it a variable-u pentode. How 
will this "new" tube differ in its operation from one with a 


conventional control grid? 


a. 


17. The 


The plate current will become independent of plate voltage 


bias. 


lower plate potentials. 


The plate resistance will increase at low values of g 


The grid-bias cutoff voltage will be greater. 


The grid current will increase. 


suppressor grid in a pentode is located between the 


control grid and the screen grid. 


cathode and the control grid. 


screen grid and the plate. 


screen and the cathode. 
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rid 


18. The pentode tube element that performs approximately the same 
function as the beam-forming plates in a beam power tube is called a 


a. plate. c. screen grid. 


b. cathode. d. suppressor grid. 


19. The pentagrid converter tube shown in figure 90 of TM 11-662 is 
a heptode that can be considered to be made up of two smaller tubes. 
These two tubes are a 

a. pentode and a diode. 

b. pentode and a hexode. 


c. triode and tetrode. 


d. triode and a beam power tube. 


20. A multiunit tube houses the electrodes for two or more tubes 
inside on nvelope. Of the four multiunit tube symbols shown in 
figure 4-2, which is the symbol for a triode-pentode tube? 


a. A Gs i€ 


Ds -B ae... D 


ES “ 


—-w - 


aS 


Figure 4-2. Four multiunit tube symbols. 


HOLD ALL TEXTS AND MATERIALS FOR USE WITH EXAMINATION AND SS0312. 
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9. para 5d 


CLIPPED WAVE 
CLIPPER 


10. para 5a 


Ppfot 


Le] 
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CURRENT DIRECT 
CURRENT 
11. para 5b 
SINE WAVE SQUARE WAVE 
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DC VOLTAGE A-C VOLTAGE 


A-C GENERATOR 


WESSOM 32) sie Se eee he ane De ak een es Diodes 


All references are to TM 11-662. 


cle a -- para 15b 
2 b -- para 15] 
3 c -- para 15i; fig 19 
4 c -- para 16m 
i) a -- para 17b 
6 d -- para 17h 
7 d -- para 17k 
8 a -- para 18h; fig 25 
9 a -- para 22c¢ 
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current oj 


b -- para 22d 
d -- para 23c 
b -- para 23d 


b -- para 24d 


In figure 30, 


Rp = Ep/Ip = 450 vo 


a plate 
fF 70 milliamperes. 


voltage of 450 volts 


Therefore, 


causes 
the dec plate resistance is 


1ts/70 mA = 450/0.07 = 6,400 ohms. 


a plate 


14. d-- para 24h 

15. b -- para 24f£, 25f£ 

16. c-- para 25d 
ac plate resistance = change in e = 14 —- 12 = 2 volts 

change in in 23 ~ 18 5 mA 

ac plate resistance = 400 ohms. 

17. d-- para 26a 

LESS ODS Mire ti see See eee eae Betas se Triode Fundamentals 
All references are to TM 11-662. 

dg a -- para 32a, e(7) 

2s d -- para 32b(3) 

3 b -- para 32b(3) 

4. d -- para 32f; fig. 41 

3s a -- para 33b(1); fig. 42 

6. c -- para 35b, d; fig 45 

we a -- para 35e(1) 

8. c -- para 35e(3) 
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oes c -- para 42d(2) 
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LO | a == para sob} fig. 


a -- para 39c 


of signal 
8 volts will 


12. d-- para 41b (4) 

13. b -- para 42b, 43a 

14. c-- para 42c(2) 

15. a -- para 42q(1) 

16. c-- para 42f£(1) 

17. a- para 43d(1); fig. 53 
18. b -- para 43d(2), (3); fig. 


With a 14-volt peak-to-peak signal, 
voltage will be 7 volt 


CS. 
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On the 200-volt plate voltage curve, 


to correspond to a grid voltage of 


is increased to 250 volts, 


Oi 
increase in plate current is: 


8.9 mA corresponding to a grid voltage of 


Therefore, 


-8 volts. 
the 250-volt curve shows a plate current 


the maximum positive swing 
a fixed bias of minus 


maintain the grid at a negative value. 


a current of 3.4 mA is seen 
When the plate voltage 


-8 volts. Thus the 


8.9 - 3.4 = 5.5 mA. 
19. b -- para 43d(3) 
20. c-- para 43e 
WESSON: Ac. Gd esse ohare. been Giese acs Soee Reams. wes Triode Characteristics and 


All references are to TM 11-662, 


hy Cc -- para 46a 


Amplification Pactor = 


Constants 


small change in plate voltage = 4 
0 


small change in grid voltage 
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unless otherwise indicated. 


Zs d -- para 46a 


A change of 30 volts in plate voltage results in the same change 
in plate current as a 0.5-volt change in grid voltage. The ratio of 
these small changes in voltage is 


amplification factor, ( ) = “bp = 30 = 60 
€ 
g 


Sts d -- para 48b 


The dc resistance is determined by applying Ohm's Law, where the 
numerator is the steady voltage at the plate, e, 210 volts, and the 


denominator ius -the-corresponding steady plats current; I, = 7.0 mA; 


4. c -- para 48c; Attached Memorandum, fig. 3-4 


The construction on the plate characteristics of figure 3-4 
shows that near point Q a 3.5-mA change in plate current is 
associated with a 40 volt total change in plate voltage: 


Dis b -- para 52c(2) 


This problem can be solved in two different ways. 


(1) The sum of the voltage drops around the circuit must be 
equal Epp: 


Ebb = &b + IpbRL 


Therefore: Tags = Ham yy SOON ce 2 0 vo Ss 


(2) It is known that the steady value of plate current, Ip, is 
7.0 mA. Thus: the: voltage drop: -across the. resistor, 1pRy, can be 
calculated directly: 


TpRt, =9 (120 mea) (2 860: ohms): = oC volts. 
6. a -- para 5le(2) 
Ts d -- para 52c(1) 
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At the point 


where the load line intersects the plate voltage 


axis, the plate current is zero and there is no voltage drop across 


the load resistor, 


Ry. Therefore, the voltage drop across the tube 


must. equal. to the supply voltage, -E,b: 300 volts. 


8. a -- para 50d(2) 


9,000 ohms x 3,000 micromhos 


9,000 ohms x .003 mhos 


Ze, 


9. c -- para 52a, 
10. c-- para 52c, 


In figure 3-5 


11. d-- para 52c, 


SZ2C(2) 7. Bog 


d; Attached Memorandum, fig. 3-5 


a horizontal line drawn from point C (Ege = -A4V) 


to the plate current axis shows the plate current to be 4.6 mA. 


d 


When the signal voltage swings 4 volts positive, the grid 


voltage will be -2 volts (Eagqa + @g = Eg, Or -6 + 4 -2) and the 
corresponding point of operation will be point B. When the signal 
voltage swings 4 volts negative, the grid voltage will be -10 volts 
and the point of operation will be point F. 
12. b -- para 52d(2), 56d(1); fig. 65 
13. b -- para 52c(1) 

When the load line intersects the plate current axis, the 


voltage across the 


bube ms: Zero: Ce =O}. Thus, at this point the 


Current: in Che. plate CiycuLe eS limited: only by Ry and 1s ‘round. -co- bes 


Th Epp/Rr = 
14. a -- para 53g, 


15. c-- para 56a; 


On, dat =] para: SoC; 


250/50K = 5 mA. 


54b 
fig. 65 
fig. 65 
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When the signal voltage swings 3 volts negative, the grid 


voltage will be -7 volts (operating point G), and the plate current 
will be approximately 5 mA. When the signal voltage swings 3 volts 
positive, the grid voltage will be -1 volt (operating point A) and 


the plate current will be approximately 22 mA. 


17. b -- para 56b(2); fig. 66 


18 b == para 5/b; fig. 67 


19. © -= para o7d 
20. c -- Attached Memorandum, para 3-5 


Gm = ac plate milliameter reading x 1,000 


= 4.5 x 1,000 = 4,500 micromhos 


4 a -- para 6l1d(1) 

5 a -- para 61d(2); fig 70 
6 d -- para 62f£; fig 7 

7 Cc -- para 62e; fig 7 
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13. d-- para 68¢(2); fig. 77 


Changes in screen grid voltage, plate voltage, and grid bias all 
affect the transconductance, as shown in figure 77. 


14. a -- para 70h 


15. Ob -- para V1; fig. 86 


16. c-- para 72f£; fig. 87 


he -¢ == para ood; fig. 75 


18. d-- para 70g, h 


The beam-forming plates are connected to the cathode and are 
used to eliminate the effects of secondary emission. They perform, 
therefore, the function of the suppressor grid. 


Ve, ICTS] para“ I130(2) 


20. d-- para 74, fig. 927 


a. Symbol A represents a triple-diode-triode. 

b. Symbol B represents a duo-pentode tube. 

on Symbol C represents a diode-triode-pentode tube. 
ad Symbol D represents a triode-pentode tube. 
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CHAPTER 1 
ELECTRON TUBES—THEIR DEVELOPMENT AND USE 


1. Introduction 


a. The success-of modern military ope-ations, 
as well as of the peacetime activities of the 
armed forces, depends in a great measure on 
signal communication facilities. Whetner on 
the offense or the defense, in the front lines 
or far behind the lines, exchange of information 
is vital to the successful movement of personnel 
and equipment. On the ground, in the air, or 
below the surface of the seas, electronic devices 
are in daily use, and in every one of these uses 
the electron tube is a vital element (fig. 1). 


b. Fundamentaily, the electron tube is a vaive 
which provides the means of conducting elec- 
trons through the enclosed space within a glass 
or metal container. As the electrons move from 
the end of one metallic conductor, or electrode, 
across the intervening space to the other elec- 
trode, or conductor, they are controlled more 
easily than if the same electrons were passing 
through a wire or any other type of conductor. 
This power to control electrons or electron cur- 
rents and their associated voltages makes the 
electron tube the most useful single element 
in modern signal communication equipment. 
The present high level of signal communication 
and its tremendous versatility are due to the 
existence of the electron tube. Radio communi- 
cation was utilized prior to the development of 
electron tubes, but it attained its present ver- 
satility only after the electron tube was in- 
vented. 


2. Importance to Communication 


a. In the armed forces, signal communication 
means many things and a wide variety of equip- 
ment. Radio communication is prominent 
among these, but it is just one method of ex- 
changing intelligence, or information, between 
two points: namely, that method which depends 


on electromagnetic waves as the link. The in- 
telligence that is transmitted in this fashion 
may be in code or if may be voice or music in- 
tended for specific points or for general recep- 
tion over a wide area, or it may be both, plus 
other forms. 

db. It is equally important to understand that 
the telephone, the teletype, and facsimile also 
are signal communication facilities, even if they 
use wire as the linking medium. These wired 
systems frequently are integrated into radio 
systems wherein the intelligence first spans a 
distance over wires and then is fed into a radio 
link for transmission to some remote point or, 
possibly, to a point not too distant which cannot 
be reached by conducting wire. 

c. Radar, too, in its many forms, igs a signal 
communication facility. It is conceivable that 
it might be placed in a special category, but even 
so it is embraced by the broad meaning of the 
communication art. Although public address 
systems and intercommunication systems are 
removed from radio systems, they are part of 
military signal communication facilities, as are 
many other equipments which transmit in. 
telligence. 

d. In all of these communication devices, the 
electron tube is the vital component and its 
unique feature is an extraordinary versatility. 
Here is a device which, at first view, appears 
to be rather fragile and capabie of only limited 
types of service. But appearances are deceptive: 
The electron tube is unrivaled in sensitivity by 
any other electrical or mechanical device, since 
it can discriminate between quantities in terms 
of millonths of a second of time; yet it can 
handle electrical energy in terms of thousands 
of watts of power. Following are some of the 
types of service in which these tubes play an 
important part: 

(1) In social life. The long-distance tele- 
phone, national and world-wide radio 


broadcasting, sound motion pictures, 
public address systems, and television 
are all well known, and their impact 
on social eustoms and on national and 
international relations has been tre- 
mendous. 

(2) In commercial communication. Air, 
land, and sea communication are car- 
ried on by means of radiotelegraphy 
and radiotelephony. Navigation aids, 
both aircraft and marine, have les- 
sened the hazards of travel. 
in industry. Electrie-eye control de- 
vices for automatically controlling 
quality, color, and size of manufac- 
tured products, and for performing all 
kinds of counting, sorting, timing, re- 
cording, and similar operations, have 
been invaluable to industry. Induction 
heating applications for production 
soldering, welding, and heat treatment 
of metals in metal fabrications have 
been instrumental in reducing factory 
time and costs. 
In medical therapy. X-ray therapy, 
diathermy for inducing curative arti- 
ficial fevers, and high-frequency ap- 
plications in bloodless surgery have 
provided vital tools for the medical 
profession. 

(5) In seientific research. Atomie experi- 
mentation, electron microscopy, instru- 
mentation, computer and recording de- 
vices have become practical realities, 

(6) in military communications. Radar, 
fire-control apparatus, communication 
facilities between fixed and mobile 
units have increased the mobility and 
the power of land, sea, and air forces. 

e. Finally, so numerous and varied are the 
applications of electron tubes that a new branch 
of engineering has been created, that of elec- 
tronics, which encompasses the widespread ap- 
plications of electron tubes. 
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3. Early Experimenters 


a. The development of the electron tube and 
its associated communication circuits as they 
exist today was not the work of any one scien- 
tist. Rather it was the cumulative result of 
the researches, discoveries, and inventions of 


numerous investigators. Actually, to trace the 
very beginnings of certain important dis- 
coveries, which later led to fruitful results, 
would necessitate a discussion beyond the scope 
of this manual, However, for all practical pur- 
poses, modern radio art may be said to have 
had its beginnings toward the end of the last 
century when, in 1883, Thomas A. Edison was 
experimenting with his newly invented incan- 
descent Jamp. 

&. The Edison incandescent lamp may be re. 
garded, in a sense, as the forerunner or proto- 
type of the modern electron tube. Edison 
noticed that the carbon wire filament of these 
first incandescent lamps burned out at the point 
at which the filament entered the glass bulb. 
Looking for an explanation, he inserted a 
second conductor or plate into the lamp (this 
is basically the structure of the diode, or two- 
electrode tube of today), and recorded in his 
notebook that this dead end wire or plate, when 
connected through a current meter to the posi- 
tive side of the battery, showed a flow of cur- 
rent (fig. 2) across the space between the fila- 
ment and the plate. Normally, such an arrange- 
ment constituted an open circuit; therefore, 
current flow, according to the knowledge of 
electrical circuits at that time, was regarded 
as an impossibility, for here was an open cir- 
euit. Edison could find no satisfactory explana- 
tion for this phenomenon, which became known 
as the Edison effect. 


e. An accurate and epoch-making explana- 
tion of the Edison effect was advanced in 1899 
by a British scientist, Sir J. J. Thomson. He 
presented the theory that small, negative par- 
ticles of electricity, called electrons, were emit- 
ted by the filament in Edison’s lamp as a result 
of operating it at ineandescence or white heat. 
He said, further, that these electrons, because 
of their negative charge, were attracted to the 
positively charged plate. Thus, as long as the 
filament was heated to the proper temperature, 
electrons would fiow from it to the plate. This 
movement of electrons constituted a flow of 
electron current, and the electron stream was 
the means by which the gap was bridged across 
the intervening space between the filament and 
the plate, thus closing the circuit. 


d. Thomson’s findings came to be known as 
the electron theory. Briefly, this theory views 
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Figure 2. Circuit of Edison’s two-electrode tube. 


the atoms of all matter as being composed of 
infinitesimally smal), individual negative par- 
ticles, or electrons, held within the atom by 
the attraction of a central nucleus of positively 
charged particles called protons. Under suitable 
conditions, as by the application of heat to a 
substance, some of the electrons within the 
substance could be liberated. This extremely 
important theory gave great impetus to subse- 
quent research, and led to great developments 
in electron tubes, 


e. Equipped with this knowledge, other scien- 
tists explored further. The next significant de- 
velopment of far-reaching importance was the 
work of J. A. Fleming, an English scientist, 


who designed the first practical electron tube. — 


Fleming observed from Edison’s work that, 
when the plate connection was made to the 
negative rather than to the positive side of 
the battery, the current was zero (fig. 3). This 
property provided the basis for the operation of 
the electron tube as a rectifier, that is, as a 
device for the conversion of alternating current 
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into direct current. Fleming, calling his modi- 
fied version of Edison’s two-electrode lamp a 
valve (the term still used for the electron tube 
in England}, thereby provided 2 superior de. 
tector to supplant the comparatively insensi- 
tive erystal detectors then being used in radio 
receivers in Guglielmo Marconi’s system of 
wireless telegraphy. The crystal detector was 
a parallel development, which, following the 
experiments of numerous predecessors, Marconi 
made a reality in 1901 when his historical sig- 
nails of the letter S (three dots} spanned the 
Atlantic Ocean. With the advent of Fieming’s 
valve, the two major lines of discovery and 
invention, from which the radio art evolved, 
were joined. 

f. Fleming’s valve was a two-electrode tube. 
For several years it was the only electron device 
in use. At this point it seemed that the progress 
of wireless communication had reached its prac~ 
tical limit, a limit determined by the existing 
methods and devices used for transmitting and 
receiving radio signals. The most powerful 
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Figure 3. With plate connected to negative side of 
battery, current through tube ia zero. 


trangmitters could transmit signals to receiv- 
ing sets more than several hundred miles away, 
but the reception of such signals was undepend- 
able. The range and the dependability of radio 
‘communication could be increased only by the 
development of some method by which the weak 
signal could be amplified. The vacuum tube de- 
veloped by Lee DeForest in 1907 supplied this 
needed means of amplification. Later improve- 
ments of this tube have made possible the recep- 
tion of radio signals millions of times too weak 
to be audible without amplification. 


g. DeForest, by Inserting an extra electrode 
in the form of a few turns of fine wire between 
the filament and the plate of Fleming’s valve, 
made the tube an amplifier. DeForest called 
the thi rd electrode the control grid. It provided 
the desired amplification by virtue of the fact 
that relatively large plate current and voltage 
changes could be controlled by small variations 
of control-grid voltage without expenditure of 
appreciable power in the control circuit. De- 
Forest called his three-electrode tube an audion, 
a designation superseded in present-day usage 
by the term triode (fig. 4). 


4. Tube Types 


a. Each kind of electron tube is capable, 
generally, of performing many different func- 
tions, and therefore initia] classification of 
these tubes is not based on function but upon 
their physical construction (fig. 5). The en- 
velopes or housings are made of glass or metal 


or, in a few isolated cases, of both materials. 
The absence or presence of air or other gases 
in the envelope distinguishes the two funda- 
mental classes of electron tubes. In the vacuum 
tube, all gases have been removed: in the 
gaseous tube, after all air has been removed, a 
small amount of mercury vapor or inert gas is 
placed within the envelope. 
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Figure 4. Construction of DeForest’s three-element tude, 
or triode, 
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Figure 5. Representative electron tubes. 


®. In all electron tubes, one electrode, cal:ad 
the cathode, is the emitter of electrons, anc it 
must be heated to cherry red or to incand«s- 
cence before the electrons are freed from its 
surface to move across to the second electro:e, 
or anode. In vacuum tubes, sometimes calisd 
high-vacuum or hard-vacuum tubes, the cathede 
is in almost every case (the photoelectric tuse 
is excepted) heated by some externa] source 
of power, and these tubes, therefore, are not 
distinguished as to type of cathode. In gaseous 
tubes. sometimes called soft tubes, a further 
subclassification is made into hot-cathede and 
cold-cathode types. In the first type, the cathode 
is heated to the proper temperature for emis- 
sion by some external source of power; in the 
second type, the gas within the tube is ionized, 
then the cathode is bombarded by positive ions 
which raise the cathode to the correct emission 
temperature. 


c. Both vacuum tubes and gaseous tubes of 
either the hot- or cold-cathode type are further 
classified as to the number of active elements 
or electrodes contained inside the envelope. 
The simplest of these, described above, ton- 
tains two elements and is known as a dzode. 
A tube which contains three elements is known 
as a triode, and a tube with four elements is 
called a tetrode. If it contains five elements it 
is a pentode. In each instance, the type classi- 
fication indicates the number of elements which 
make up the tube. In the following chapters 
each of these tubes is illustrated and the differ- 
ences between them fully explained. 
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5. Tube Functions 


The functions performed by electron tubes 
are Many and varied, but for convenience these 
functions may be consolidated into a few gen- 
eral groups. Each function is determined not 
only by the tube type but xlso by the circuit and 
ifs associated apparatus. 


a. A general capabilit: of the electron tube 
is to alter an ac (altern:ting current} so that 
it becomes a pulsating dc (direct current) (fig. 
6). Associated apparat..: can smooth out the 
variations in the curren’. and the system as a 
whole can be said to char ze an alternating cur- 
rent into a constant-am::litude direct current. 
This function provides -unvenient sources of 
d-e voltage when the a::ly available primary 
source of electrical energ.s is an a-c power line 
or an a-c generator. The<e d-c voltages may be 
as Jow as a fraction of a 19]t and as high as tens 
of thousands of volts. The action of changing 
an alternating current into a pulsating direct 
current is referred to in general terms as rec- 
tification, and the electron tube which does this 
is called a rectifier. 


6b. Another significant and useful capability 
of the electron tube, and perhaps its most im- 
portant function, is described as amplification 
(fig. 7}. A stronger signal voltage may be ob- 
tained from the tube than is fed into it. In 
effect, the tube is a signal voltage magnifier: 
A signal equal to 1 volt fed into the input system 
of the amplifying tube may appear as 20 volts 
at its output. Different arrangements provide 
for different amounts of signal amplification. 
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Figure 6. Function of tub: as rectifier of alternating current. 
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Figure 7. Function of tube as amplifier. 


(1) This amplification ability of the elec- 


(2) 


tron tube accounts for the advanced 
development of modern-day communi- 
cation. It is the basis of all long-dis- 
tance telephony, because repeaters 
(electron-tube amplifiers) compensate 
for the energy losses encountered in 
the wires. Also, by means of public 
address systems, the electron tube is 
used to amplify the voice of an indi- 
vidual so that thousands of people 
gathered together may hear it clearly. 
Amplification by electron tubes makes 
radar possible because it strengthens 
the echo signal received from the tar- 
get so that it can be made visible on 
a special screen. It is responsible for 
teletype operation. Television would 
be impossible without it. Amplification 
is essentia} in radio transmitters and 
receivers of all kinds to build up elec- 
trical energy to proportions necessary 
for proper operation of the various 
circuits of the equipment. 
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c. Still another extremely important facility 
offered by the vacuum tube is the conversion 
of electrical energy existing as direct current 
and voltage into alternating current and volt- 
age (fig. 8). Used in this manner, the tube 
draws energy from a d-< source and, in con- 
junction with suitable apparatus, generates 
high-frequency oscillations. This function has 
been responsible for innumerable developments 
in the communication field. 

(1) The principle of oscillation underlies 
the operation of virtually every type 
of radio transmitter, large or small, 
fixed or portable. As a generator of 
high-frequency oscillation, the electron 
tube replaces ponderous rotating ma- 
chinery. Even more important is that 
specialized oscillators opened up the 
very-high- and ultra-high-frequency 
and microwave regions for operation. 
These extend from approximately 30 
mec ({megacycles) to tens of thousands 
of megacycles. The use of these fre- 
quencies has helped to overcome the 
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Figure 8 Function of electron tube as generator of alternating current. 


communication limitations caused by 
changing seasons and the effects of 
weather. It helped create new tech- 
niques, among which are radar, tele- 
vision, and radio facsimile. 

(2) Availability of these high-frequencies 
has made possible the convenient use 
of low power and the design of small 
receivers, transmitters, and antennas. 
All of these are important contribu- 
tions and make feasible radio contact 
between planes and tanks, or landing 
forces and ships. 

d. The electron tube can modify the shape of 
electric current and voltage waveforms; that 
is, it can change the amplitude of these quan- 
tities relative to time. Voltage and current 
shaping (figs. 9 and 10) are vital to the opera- 
tion of numerous electronic devices. It is used 
in code transmission, the timing of circuit ac- 
tions in radar, in the production of television 
pictures, and in the operation of teletype equip- 
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ment. Electronic computers could not operate 
without waveshaping of the currents and volt- 
ages present in the equipment. 

e. A singular type of electron tube is capable 
of converting light energy into electrical energy. 
This is the photeelectric tube, also called the 
phototubde, In contrast to the conventional elec- 
tron tube, the phototube does not employ an 
incandescent electron source. Instead, electrons 
are liberated from a specially prepared surface 
inside the tube when radiant energy strikes the 
material. The stream of charges thus developed 
is an electric current and gives rise to 2 voltage 
in the system. The net result is a voltage out- 
put for visible or invisible light input. Although 
not as versatile as the conventional electron 
tube, the phototube has many uses. It affords 
a means of using light energy to control devices 
or systems or to operate many kinds of equip- 
ment. The reproduction of sound from 2 photo- 
graphic image on a film is one of many applica- 
tions of the phototube, 
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Figure 9. One type of waveshaping accomplished by electron tubes. The input signal ig a sine wave; 
output is a square wave. 
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Figure 10. Another type of waveshaping. Only parts of the positive peaks of the input signal are present 
tn the output. 
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6. Summary 


a. The term electron tube is a general one 
under which are grouped vacuum tubes, photo- 
electric cells, phototubes, cathode-ray tubes, 
and many other types. The operation of all 
electron tubes is based on the controlled flow 
of electrons within the tube structure. 

b. In their various forms, electron tubes are 
found in devices that perform some necessary 
function in almost every phase of social, indus- 
trial, scientific, and military life. 

c, Probably the very first important step in 
radio development was the discovery of the 
Edison effect. Many other scientists contrib- 
uted important discoveries and inventions. 
Thomas, Fleming, DeForest, and Marconi are 
among these early pioneers. 

d. DeForest’s original three-electrode tube 
was called an audion, a designation now super- 
seded by the term triode, and Fleming’s orig- 
ina} diode was termed a valve, the designation 
that still is used in England instead of the term 
tube. 

e. According to the number of elements they 
contain, electron tubes are classified as diodes, 
triodes, tetrodes, or pentodes. 

fj. Among the many special functions which 
they are capable of performing, that of amplifi- 
cation of electrical energy is perhaps the out- 
standing feature of electron tubes. The diode, 
however, does not provide amplification, but 
it performs another basically important func- 
tion—-rectification. 
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7. Review Questions 


a. What are the two classifications of electron 
tubes as distinguished by the presence or ab 
sence of gas within them? 


&. List and describe briefly 12 or more gen. 
eral uses for electron tubes. 


c. What are some of the various services in- 
cluded under the general term communication? 


d. Name some types of signal communication 
facilities used by the armed forces. 


e. Explain the Edison effect. 


f. Explain briefly the contributions to the 
radio art by Fleming, Thomson, Marconi, and 
DeForest. 


g. What are the names for two-, three-, four- 
and five-element tubes? 


hk. What is the linking medium in radio 
broadcasting, facsimile, teletype, telephone, 
radar? 


i, Name and describe briefly some of the spe- 
cial functions which electron tubes can per- 
form. 


j. In what sense is an electron tube an ampli- 
fier? 

k. How does a phototube differ from an ordi- 
nary electron tube? 


i. What special capabilities of electron tubes 
differentiate them from electrical and mechan- 
ical devices designed for similar types of serv- 
ice? 


CHAPTER 2 
ELECTRON EMISSION 


8. Basic Theory of Electron Emission 


a, The operation of all electron tubes de- 
pends on an available supply of electrcns. Elec- 
tron emission can be accomplished by four 
methods, the most important of which is ther- 
mionic emission. Thermionic emission is the 
liberation of electrons from a metallic emitter 
by the application of sufficient heaz. Other 
methods are secondary emission, phctoelectric 
emission, and cold-cathode emission. All of 
these are discussed later in this chaptsr. 

b. In the vacuum type of electron tube, as 
much air as possible is withdrawn from the en- 
velope and al! the electrons needed for opera~- 
tion of the device are obtained from the emit- 
ter. In the other genera] category of electron 
tubes, known as the gaseous type, all air is re- 
moved from the tube and a smal! amount of 
mercury or some inert gas (neon, argon, xenon, 
etc.) is placed within the envelope. The emitter 
furnishes the primary supply of electrons. The 
emitter output provides electron bullets for 
ionization of the gas atoms. This process is ex- 
plained in a later chapter of this manual. 

c. The atomic theory, which maintained that 
the atom was the fundamental building block of 
matter, gave way to the electron theory, which 
revealed that the electrons and protons which 
comprised the atoms were actually the primary 
particles of matter. Accordingly, all electron- 
tube and electrical] phenomena now are ex- 
plained in terms of the electron theory. 

d. The electron theory states that all matter 
consists of two basic electrical charges: posi- 
tively charged protons and negatively charged 
electrons. These charged particles are the prin- 
cipal and fundamental building blocks which 
form the atoms comprising the 90-odd elements 
constituting all matter. Recent investigations 
have disclosed neutrons, positrons, mesotrons, 


‘and photons, but their study concerns the chem- 


ist and the nuclear physicist. The early elec- 
tron concept, as suggested by Nels Bohr, is sat- 
isfactory to students concerned with electronics 
and provides a useful physical picture neces- 
sary for the study of the properties of electric- 
ity. 

e. In any material, confined in a given vol- 
ume, the atoms or molecules are in a state of 
random motion around a mean position. Ths 
extent of this motion is determined by the na- 
ture of the substance and its temperature. In 
solids, this random motion is restrained the 
greatest amount. In liquids, the restraint is 
less, and in gases, it is the least, almost none. 
This explains why a solid substance holds its 
shape unless forces are applied to change it, 
why a liquid changes its shape to suit its con- 
tainer, and why a gas attempts to fill the space 
in which it is liberated. 


f. Inasmuch as the item of concern is the 
emission of electrons from metals which may 
or may not bear coatings of certain chemical 
elements, it will be well to discuss the action 
of atoms and molecules. It ts significant to note 
that the amount of random motion in atoms 
and molecules is a function of temperature. If 
the temperature of a metal is reduced, its 
amount of random motion is reduced, and its 
resistance to the flow of electric current is re- 
duced. This action can be explained by saying 
that the electrons which comprise the current 
meet less opposition and experience fewer col- 
lisions with the atoms, because the atoms are 
restricted in their movements. 


g. On the other hand, if the material is 
heated, energy is added to the energy already 
possessed by the atoms and the molecules in 
motion, and they perform greater movements 
at greater velocity. When a fuse blows, the 
action is simple. The high current overload 


12 


heats the fuse material so that the kinetic en- 
ergy of the atoms and molecules is sufficient to 
disrupt the molecular organization of the metal 
completely, and it passes instantly through the 
stage of liquefaction and turns into vapor. Con- 
sequently, it becomes a part of the surrounding 
air. 

hk. In like fashion, the free electrons in a 
substance held at normal temperature perform 
random motion in their travel between atoms, 
as illustrated in exaggerated form in figure 11. 
This takes place at a relatively high velocity. 
Since these electrons move around so rapidly, 
one is tempted to ask the natural questions: 
Why don’t they move ont of the material—for 
instance, a piece of wire? Why don’t they break 
through the surface and get into free space? 
Some de just that, but they are so few in num- 
ber as to be of no importance. The generally 
accepted description of what happens is that 
there is no liberation of electrons until special 
conditions are created deliberately. The reason 
for such behavior was first explained by O. W. 
Richardson in 1901. Richardson’s theory con- 
cerning conditions at the surface of a hot metal 
has subsequently been accepted by scientists. 
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Figure 11. Free electrons having random motion at 
normal temperature within a metal. 


i. Richardson advanced the idea that the 
boundary of a substance exerts a force in a di- 
rection toward the inside of the substance, and 
so prevents the electrons from leaving the mate- 
rial by penetrating through its surface. For an 
electron to break through the surface, it is nec- 
essary that its velocity, as it approaches the 
surface, be preater than a critical amount, in 
order that kinetic energy be sufficient to over- 
come the barrier at the surface which tends to 
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keep it within (fig. 12). This behavior of dif- 
ferent materials is described as the work func- 
tien of the substance. As a matter of conven- 
lence, this constant usually is expressed in elec- 
tron volts of energy or simply electron volts. 
Consequently, if an electron advances from a 
point of zero potential to a point that is 10 volts 
positive, it has acquired 10 electron volts of 
energy. Under such conditions, the velocity of 
the electron is described as 10 electron volts 
or, for convenience, 10 volts. Potential barrier 
is another name for the action that occurs at the 
surface of a material and is also expressed in 
electron volts. 
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Figure 12. Free electrons escaping into air and to 
surface of metal. 


j. Various substances have certain work 
functions. A substance lke thoriated tungsten, 
which is commonly used in electron tubes as 
the source of electrons, has a work function 
rating of 2.63 volts. On the other hand, nickel 
coated with barium oxide has a work function 
rating of about 1 volt. The lower this rating 
is the more easily an electron can penetrate the 
surface and leave the material. Consequently, 
oxide-coated substances often are used as emit- 
ters of electrons in electron tubes when a large 
electron flow is desired. In terms of electron 
velocity, the lower the work function rating, 
the less the velocity of the electron needs to be 
in order to leave the surface. This gives rise to 
the use of different kinds of electron-emitting 
substances in electron tubes. 


k. The statements made so far show that the 
emission of electrons by a substance is possible 


by giving the electrons such velocity that\thev 
will overcome the restraining forces present at 
the surface. This means adding energy to the 
amount already possessed by the electrons. Sev- 
eral methods of doing this will be described 
presently. 


9. Thermionic Emission 


a. Thermionic emission is one means of se- 
euring an adequate supply of electrons for the 
operation of both vacuum and gaseous kinds of 
electron tubes. By definition, thermionic emis- 
sion is the emission of charged particles from 
a heated cathode or emitter. The acceleration 
of the electron to the velocity required for it 
to leave an emitter is accomplished by means 
of heat applied by any one of a number of proc- 
esses. Consequently, the name thermionic tubes 
sometimes is used to describe electron tubes. 


b. In thermionic emission, heat is the form of 
energy that is used to liberate electrons from 
the substance. When heat is applied to a metal 
and the temperature is raised sufficiently, some 
of the heat energy is transferred to the elec- 
trons. The electrons then move with greater 
velocities than previously. If the temperature 
is high, so that the motion of the electrons 
reaches sufficient velocity, they will escape 
through the potential barrier of the emitter 
into space. When this action is controlled, as 
in the case of electron tubes, it can be made to 
provide a continuous stream of electrons. 


ce. For a given type of emitter, there is a 


definite rate of thermionic emission at each 


temperature. The rate depends on the type of 
emitter materia] used and the temperature of 
the emitter. This process is fully described in 
chapter 3. 


10. Other Types of Electron Emission 


a, Thermionic emission sometimes is re- 
ferred to as primary emission to distinguish it 
from another type of electron emission called 
secondary emission. In this comparison, pri- 
mary emission signifies that emission takes 
place directly from an emitter substance by the 
application of heat, or other means; in sec- 
ondary emission, electrons are detached from 
&@ body as the result of its being bombarded by 
electrons emitted from a primary source (fig. 


13). When, for example, a strearn of high-ve- 
locity electrons strikes a metallic substance, 
these bombarding electrons impart sufficient 
energy to the electrons within the metal to en- 


‘able them to break through the potential bar. 


rier. Although in the figure only one secondary 
electron is shown to be released for each pri- 
mary electron, in actual practice the number of 
secondary electrons may be more, depending on 
the material from which the body is con- 
structed. In some vacuum tubes, secondary 
emission takes place in the normal tube opera- 
tion, but usually it is undesired and provision 
is made to prevent it. However, this condition 
is created purposely in other tubes to obtain 
special operating characteristics. 
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Figure 18. Secondary emission caused by electron 
bombardment. 


b. Another method of producing electron 
emission is by the application of light. Light, 
an electromagnetic radiation, is a form of en- 
ergy. The theory by which electrons are lib- 
erated from substances when electromagnetic 
waves of the proper frequency impinge on them 
is very complex and is beyond the scope of this 
book, but it is an accepted fact that electron 
emission does take place. Consequently, when 
energy in the form of light strikes a photo- 
sensitive metal, electrons are liberated from 
this metal under impact of the energy of the 
light rays (fig. 14). This is known as photo- 
electric emission. The photoelectric current is 
directly proportional to the intensity of illu- 
mination, All photoelectric tubes, or photo- 
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tubes used in countless applications for control 
and detection depend on photoelectric emission 
for their operation. 
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Figure 14. Photoelectric emission of electrons. 


ce. Still another method is called cold-cathede 
emission. In this type of emission, electrons 
are virtually pulled out of a substance by the 
power of an extremely strong electric attract- 
ing force. Since high voltages which raise 
many problems are required in this method, 
cold-cathode emission is not commonly used. 


11. Types of Emitters 


Electron emitters are classified according to 
the method used to heat them. In the direct 
method, the emitter jis called a flament or di- 
rectly heated cathode, and the electric current 
is applied directly to the cathode. In the indi- 
rect method, the emitter is called an indirectly 
heated cathode and the eleetric current is sent 
through a separate heater element which is lo- 
cated inside the emitting cathode and transfers 
its heat energy to it by conduction. Both meth- 
ods can use either alternating current or direct 
current. 


LS 


a. DIRECTLY HEATED ELECTRON EMITTERS 
(fig. 15). A directly heated electron emitter or 
filament is usually of the general construction 
shown in A. The radio symbol! for the filament 
in a vacuum tube is shown in B. Physically, 
the filament usually is shaped either in the form 
of an inverted V or an inverted W. The fila- 
ment voltage required to produce electron emis- 
sion is applied across the filament prong termii- 
nals located in the base of the tube. When cur- 
rent flows through the filament circuit, the fila- 
ment emits electrons when it reaches emission 
temperature. Filament materials are tungsten, 
thoriated tungsten, or metals that have been 
coated with alkaline-earth oxides. In the latter 
case, the electron-emitting material is the coat- 
ing; the metal core is used to carry the heating 
current. Some directly heated oxide-coated fila- 
ments require comparatively little heating 
power, and for this reason they are extensively 
used in tubes designed for operation from bat- 
teries and in portable equipments. An added 
advantage of the directly heated eiectron source 
is the rapidity with which it reaches electron- 
emitting temperature. Since this is almost in- 
stantaneous, many equipments that must be 
turned on at infrequent intervals but must be 
instantly usable use directly heated tubes. 
Usually these are of the oxide-coated variety. 

b. INDIRECTLY HEATED ELECTRON EMITTERS 
(fig. 16). For the indirectly heated type of 
electron emitter, shown in A, the cathode elec- 
trode is the emitting element. B represents 
the radio symbol as it appears in vacuum tubes. 
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Figure 15. Directly heated filaments and schematic 
symbol 


Tne electron scurce is an oxide coating on the 
cathode electrode. It is heated to emission tem- 
perature by the heat from the heater. The elec- 
trie current flows through the heater, located 
within the cathode that surrounds it. Heat en- 
ergy produced in the heater by the electric cur- 
rent is conveyed by conduction to the cathode. 
The majority of electron tubes are of the in- 
directly heated type, because of the practicabil- 
ity of operating the tube from alternating-cur- 
rent supply lines. Variations in heater current 
do not cause a fluctuating output in electron 
emission (for all practical purposes) because 
the temperature of the cathode remains fairly 
constant when the a-c input reverses its direc- 
tion. The constant temperature is caused by 
the inability of the cathode to cool off quickly 
when the alternations are approximately 60 
eps. This is not true for directly heated emit- 
ters, and, consequently, special circuits are nec- 
essary to adapt these tubes to an a-c filament 
supply. 


2) HEATER 
> 
is 
a CATHODE 
os ruse 
S| ENVELOPE 
A B 
TM 682-26 


Figure 16. Indirectly heated emitter and schematic 
symbol. 


c. FACTORS DETERMINING EMISSION. The 
amount of electron emission that can be ob- 
tained from an incandescent filament or 2 
cathode depends on various factors. Essen- 
tially, it is determined by the temperature of 
the emitter, which in ordinary vacuum-tube 
operation is determined directly by the amount 
of current applied to the filament. In general, 
the higher the temperature of the emitter, the 
higher is the resultant emission. However, a 
practical limit must be considered. The sub- 
stances used in the manufacture of emitters are 


designed for operation within definite tempera- 
ture limits to assure maximum operating life 
and efficiency. Excessive temperature causes 
extremely rapid deterioration of the emitter, 
which reduces its useful life. This applies 
equally to all types of tubes using heated elec- 
tron emitters. 


12. Materials Used 


a. Very high temperatures are required to 
produce satisfactory thermionic emission. As 
previously mentioned, the materials best suited 
for the purpose are tungsten, thoriated tung- 
sten, and oxide-coated core materials. Plat- 
inum and nickel] are examples of oxide-coated 
core materials, Of all these substances, tung- 
sten possesses the greatest durability, and 
therefore, is used in tubes which may be sub- 
jected to heavy overloads. Similar service is also 
performed by thoriated-tungsten filaments. 
Both of these generally are found in equipments 
such as transmitters, since they can withstand 
high voltages and rigorous conditions. 


b. Thoriated-tungsten filaments are manu- 
factured by mixing thorium with tungsten. The 
thorium coating behaves as a profuse emitter 
of electrons and gredually evaporates during 
use. As it boils off, it is replenished from inside 
the tungsten filament wire. At the same time, 
a gradual evaporation of the wire occurs; con- 
sequently, it becomes thinner with time. Even- 
tually one part of the filament becomes too weak 
to carry the current and it burns out. 


ce. Thoriated-tungsten filaments usually are 
operated at temperatures of about 1,900° C. 
At this point, the filament becomes bright yel- 
low. Tungsten, on the other hand, is operated 
at approximately 2,200° to 2,500° C. and glows 
with a white light. The evaporation of tungsten 
is like that of thoriated tungsten ; consequently, 
longest tube life is attained by keeping the volt- 
age constant across the filament and allowing 
the current to adjust itself in accordance with 
the changes in filament resistance as the wire 
becomes thinner and thinner. 


d. The most efficient electron emitters are 
the oxide-coated filaments and cathodes. These 
coatings usually are barium or strontium ox- 
ides. The electron emission takes place from 
the oxide coating; the core carries the heating 
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current. The operating temperature is approx- 
imately 800° to 1,150° C. 


13. Summary 


a. According to the electron theory, a!] mat- 
ter is composed of two fundamental] electrical! 
charges—namely, protons and electrons. Dif- 
ferent combinations of both form atoms. A 
molecule consists of one or more atoms, depend- 
ing on the particular element. 

b. Free electrons in a substance at normal 
temperature perform random motion in their 
travels between atoms. 

e. Some types of electron emission are ther- 
mionic, secondary, photoelectric, and cold- 
cathode, 

d. Electron emitters are either directly or 
indirectly heated by an electric current. Be- 
cause alternating current is the principal 
source of electrical power available, the indi- 
rect means of heating electron emitters is most 
widely used. 

e. Gxide-coated materials for cathodes are 
used most commonly because of their high emis- 
sion rate. Where higher voltages are involved, 
mechanical strength is a requirement, and 
therefore, tungsten or thoriated tungsten is 
used. 


14. Review Questions 
a. What are the building blocks of matter? 
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b. Name the two fundamental particles found 
in the atom. 

¢. State three methods by which electrons can 
be liberated from a material. 

d. What enables electrons to leave a mate 
rial? 

e. What is meant by the terms work function 
and potential barrier? 

f, Name three materials which are used as 
electron emitters in electron tubes. 

g. Which type of substance emits electrons 
most profusely? 

What is meant by indirect heating of an 
emitter? By direct heating of an emitter? 

hk, What is the name generally applied to an 
indirectly heated emitter? To a directly heated 
emitter? 

i. What is the effect of operating emitters 
at excessive temperatures? 

j. Why are tungsten and thoriated-tungsten 
emitters operated at constant voltage instead 


of constant current? 


k. What is the difference between primary 
emission and secondary emission? 


i. Relative to the source voltage, what advan- 
tage does indirect heating offer over direct heat- 
ing of emitters? 

m. Which operates more rapidly, the indi- 
rectly heated emitter or the directly heated 
emitter? 
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CHAPTER 3 
DIODES 


15. Construction 


a. The simplest type of electron tube is the 
diode. It consists of two elements or electrodes, 
one of which is an emitter of electrons and the 
other a collector of electrons. Both elements are 
enclosed in an envelope of glass or metal. Al- 
though this discussion revolves around the 
vacuum diode from which most of the air has 
been removed, it should be understood that 
gaseous diodes also exist. The term diode refers 
to the number of elements within the tube en- 
velope rather than to any specific application. 
In this connection, the complete electron-emit- 
ting system is treated as one element, Different 
names are applied to the diode to indicate the 
specific function of the tube in any particular 
electrical circuit. As one example, the diode 
can change alternating current into direct cur- 
rent; it is then a rectifier, and the tube is named 
accordingly. Therefore, when discussing the 
basic diode, reference is made to the tube asa 
type, rather than to any of its applications. 

db. The electron collector is called the plate 
and the electron emitter is called the cathode. 
Although the latter term more specifically ap- 
plies to the indirectly heated type of emitter, 
whereas the directly heated type of emitter is 
referred to as the filament, the term cathode 
usually is used regardless of the method of heat- 
ing. This usage is not so odd as it may seem, 
since the majority of tubes in use today are of 
the indirectly heated type. 

c. In directly heated tubes, the filament is of 
the general construction illustrated in figure 15, 
showing two typical filamentary cathodes. The 
type shown at the left is known as an inverted 
Y, and that on the right as an inverted W, The 
filament is held in place within the tube enve- 
lope (glass or metal) by means of suitable metal 
supports firmly resting in the glass stem of the 
tube. It is suspended from the top of the tube 


by a metal support which allows for the expan- 
sion of the filament wire when heated. The fila- 
ment voltage is applied acrossthe prong termi- 
nals of the filament in-the tube base. Figure 17 
is a cross-sectional view of a simple diode tube, 
showing the internal construction, tube base, 
and wiring. 

d. In indirectly heated tubes, the cathode- 
heater: design can be either of the two common 
types shown in figure 16. The heater wire is 
usually elther U-shaped, as shown on the left, 
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Figure 17. Cross-sectional view of simple half-wave 
diode of filament type. 
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in A, or it can be twisted throughout its length, 
as on the right, in A. In indirectly heated tubes, 
the cathode is an oxide-coated cylindrical sleeve, 
usually of nickel, which encloses the heater wire. 
The heater is insulated from the nickel sleeve by 
an Alundum coating on the heater wire or by 
passing the heater wire through fine parallel 
holes in an Alundum tube. In directly heated 
high-power tubes, the cathode heater is con- 
structed of tungsten and thoriated tungsten, 
since high voltages tend to destroy oxide-coated 
cathodes. 

e, The plate is usually of cylindrical construc- 
tion, although frequently it has an elliptical 
form. In modern tubes it surrounds its associ- 
ated emitter, as in figure 18. The metals used 
for the diode plate (and the plates of most other 
tubes} usually are nickel, molybdenum, monel, 
or iron. A tube which contains one emitter and 
a single related plate is identified generally as a 
half-wave rectifier, for reasons which will be ex- 
plained later. Another name for tubes of this 
kind is simply diode. 

f. Another structural organization of diode 
tubes utilizes two diode sections inside a single 


envelope, each section consisting of an emitter - 
with its own heater and its related plate (A of 
fig. 18). A tube that contains a pair of diode 
sections is called a duo-diode, or a full-wave rec- 
tifier. The choice of term depends on the appli- 
cation of the tube. Rectifiers usually are asso- 
ciated with circuits which change alternating 
current to pulsating direct current at reason- 
ably high levels of electrical power, whereas 
the name diode or duo-diode is applied to tubes 
which perform the same function in connection 
with radio signals. These represent appreciably 
lower levels of electrical power. The differences 
will become much clearer later. 

g- The circuit symbol] for an electron tube 
with two cathodes and two plates is shown in 
the lower part of A. The two heaters, one for 
each cathode, are shown joined in series. The 
same heater current flows through both. The 
two extreme terminals are arbitrarily labeled 
Hi and H2. In some tube types, a center tap 
is provided in the heater circuit. This is shown 
by the dotted line labeled H3. The two cathodes, 
Ki and K2, are independent of each other. The 
plates associated with these cathodes are des- 
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Figure 18. Construction of duo-diode and its echematic representation. 


ignatea appropriately PD1 and PD:, corre- 
sponding to the markings for the cathoucs. T. ~ 
circle around all of the electrodes symbolizes 
the tube envelope. 

kh. B shows a different physical arrangement 
of two diodes within a single envelope. This is 
a directly heated tube in which oval-shaped 
plates surround the inverted V-shaped filament 
emitters. These filaments are connected in se- 
ries, as shown in the related circuit symbol. 
Again, the two plates are independent of each 
other and each bears its own identifying desig- 
nation. 

i. Modifications of tube structure occur 
among the many diode tube types. Two of these 
are illustrated in figure 19. One heater can 
serve a single cathode, which has sufficient emis- 
sion to serve two independent plates, as in A, 
or two series-connected heaters can serve two 
- cathodes joined to each other internally and 
terminated at a single tube base pin, as in B, 
The plates are separate from each other for con- 
nection to individual circuits. 
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Figure 19. Other echematic representations of 
duo-diodes. 


j. One of the essential requirements of a 
vacuum tube is that it must remain practically 
free of internal gases during operation. Every 
precaution is taken during manufacture to 
pump all the air from the tube and bring it as 
close as possible to a fully evacuated state. When 
a tube is not highly evacuated (because of some 
defect in manufacture, or deterioration during 
use), it is said to be gassy. The flow of current 
through a gassy tube may be erratic, and this 
ean cause erratic operation, It is important to 
note that some gases remain after evacuation, 
being imbedded in the metal parts. To remove 
these imbedded gases, the tube elements first 
are brought up to red heat; then a getter, gen- 


ylyoma wimm cs barcus, . tee within 
the tnbe co abscrb the .ascs released by the 
heat. The getter condenses om tne inside surface 
of the tube envelope as a <ilver or reddish coat- 
ing. The slightest air lez <nused by a cracked 
glass envelope will result in a chemical reactioz 
between air and the getier flash, turning it 
milky white. The tube interior is evacuated so 
completely that it approaches a nearly perfect 
vacuum. Fewer than half a trillion air mole- 
cules per cubic inch is considered a very effi- 
cient vacuum for receiving tubes. 


16. Operation 


a. It is necessary to review briefly several 
fundamentals concerning the behavior of the 
electron before proceeding with the explanation 
of the operation of the diode. The electron is a 
particle of. negative electricity. It is attracted 
by a charge of opposite polarity and repelled by 
a charge of like polarity. Such behavior is in 
accordance with the basic laws of electricity 
which state that like charges repel and unlike 
charges attract. What is true about charges is 
true also about bodies or plates which are 
charged positively by the removal of electrons 
or charged negatively by the addition of elec- 
trons. Consequently, if a source of voltage, EH, 
is connected between two facing plates, N and 
M, as in A of figure 20, with the positive termi- 
nal to N and the negative terminal to M, a dif- 
ference of potential is established between N 
and M. This difference in potential equals the 
voltage source, E; in addition, plate N is posi- 
tive relative to plate M, or plate M is negative 
relative to plate N. Finally, as the consequence 
of the redistribution of charges on plates N and 
M, an electrostatic field is created in the space 
between the plates. 

b. As explained in TM 11-661, the direction 
of a line of force is the direction in which a posi- 
tive test charge tends to move when placed in an 
electric field. Thus, because like charges atérasat 
and unlike charges repel, a positive test charge 
tends to move toward a negative charge and 
away from another positive charge, or, from 
positive to negative. For this reason, the direc- 
tion of the line of force is shown as leaving a 
positive charge and entering a negative charge. 
The choice of a positive charge as the test 
charge is conventional. Actually, if a negative 
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Figure 20. Electroatatic felds reaulting from two 
plates and a battery. 


test charge is chosen, the direction of the Hine 
of force will be reversed ; that is, a negative test 
charge, when placed in an electric field, tends to 
move toward a positive charge and away from 
another negative charge, or, from negative to 
positive. Actually, it makes no difference 
whether a positive test charge or a negative 
test charge is selected because, in either case, 
the choice is arbitrary. The only difference is 
in the direction of the arrows on the lines of 
force in the illustrations. Throughout this man- 
ual, the use of a negative test charge is assumed 
and the direction of arrows on all lines of force 
in the illustrations are shown from negative to 
positive (A of fig. 20). This choice is a logical 
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one because the study of vacuum tubes is con- 
cerned Jargely with the behavior of the electron 
in motion, and the electron, being a negative 
charge of electricity, always tends to move from 
negative to positive. Also, the electron tends to 
move in the same direction as the arrows on the 
lnes of force, the latter being the graphical 
representation of the electric field. 

e. No matter where the electron is placed in 
the field between N and M, it travels toward N 
along the lines of force. Only two lines of force 
are shown as a matter of convenience in the 
drawing; actually, the entire space between 
both plates is full of these imaginary lines of 
force. Although they issue from point charges, 
the radial arrangement of electrostatic fields 
shown for isolated charges is not used here. 
Great numbers of these charges are located on 
the two parallel plates and the effect of the 
forces caused by these charges within the space 
bounded by the two plates can best be shown by 
parallel lines. 


d. If the connections of the voltage source are 
reversed so that plate M is joined to the positive 
terminal and plate N to the negative terminal, 
as in B of figure 20, the reverse condition is 
established. The electrostatic field still exists in 
the space between the two plates, but now the 
direction of the lines of force of the field is re- 
versed. Plate M is positive relative to plate N 
and the electron advances along the lines of 
force toward M, the positively charged plate. 
The action of an electron in an electrostatic 
field of this kind can be described simply by say- 
ing that it advances along the lines of force to 
the most positive point in the field. In A of fig- 
ure 20, this is plate N; in B of figure 20, it is 
plate M. 

e. One factor that determines the intensity of 
the force of attraction and repulsion acting 
upon the unit test charge is the distance be-~ 
tween plates M and N. The smaller the separa- 
tion between M and N, the greater is the force 
of the field for a given value of appHed voltage. 
If the applied voltage is doubled, the force of 
the field is doubled, and this has the same effect 
as reducing the distance between the plates by 
haif. (Plate separation has the inverse effect 
with reference to the applied voltage.} Actually, 
the intensity of the electrostatic field can be in- 
creased by three methods: an increase in volt- 


age applied to the plates, 2 reduction in the 
separation between the plates, and a combina- 
tion of both of these methods. It follows that 
any increase in the intensity of the electrostatic 
field results in a strengthening of the force act- 
ing upon the electron. In effect, the greater this 
force, the more powerfully is the electron either 
attracted or repelled in its travel between the 
plates. 


f. Another point of interest that might be 
mentioned is that, regardless of the number of 
electrons advancing under the influence of the 
field, their velocity per unit time is a function of 
the difference of potential established between 
the limits of the field. The greater the voltage 
om plate M relative te plate N, the faster the 
electrons travel through the field. If a great 
‘many electrons start from some point near N, 
the greater will be the number that will be able 
to advance to M in a unit time. The lower the 
difference of potential between the two plates, 
the lower the velocity of the electrons, and con- 
sequently, fewer electrons will span the field 
per unit time. 


g. All of the preceding leads to the most im- 
portant part of the review. It is evident that 
the direction of the electron advance is deter- 
mined by the polarity of the field. If a source 
of electrons is assumed somewhere in the field, 
near plate N, and their behavior is examined 
relative to plate M, it is seen that the electrons 
wil] feel a force attracting them to plate M when 
that plate is positive, and will feel a repelling 
force when that plate is negative, Under one 
set of conditions, electrons will advance to plate 
M and under another set of conditions they will 
not go to plate M. The relationship between 
electron movement and the polarity of the field 
is basic to the operation of the diode and to all 
electron tubes. 

hk. As a preliminary explanation at this time 
and without attempting to deal with all of the 
pertinent points, reference is made to A of fig- 
ure 21, This is an elementary version of a diode 
circuit. The emitter is indirectly heated. The 
voltage required to drive current through the 
heater is secured from a source normaily identi- 
fied as heater voltage supply. The polarity of 
the filament battery can be reversed, since its 
only purpose is to heat the filament. In the cir- 
cuit shown it is a battery, but it can just as 


readily be a transformer of appropriate voltage 
and current rating operated from the a-c power 
line. The latter is the usual arrangement. 
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Figure 21. Different conditions of current flow 
through diode. 


t. Apart from the heater circuit, the operat- 
ing system consists of the emitter, in this in- 
stance the cathode, K, plate P, and the external 
circuit consisting of a plate-voltage supply 
source, B, and a current meter, A. The voltage 
applied to the plate is connected between the 
plate and the emitter. The purpose of the meter, 
which is connected in the circuit, is to indicate 
the behavior of the current. The plate battery 
is so connected as to make the plate negative 
with relation to the cathode. 

j. At this point, it is important to understand 
a certain action inside the tube. Regardless of 
what may be connected between cathode and 
plate, or if no apparatus of any kind is joined 
to these electrodes, an electron cloud appears 
near the cathode as soon as the cathode is heated 
to electron-emitting temperature. This electron 
cloud is located in the space between the cathode 
and the plate. What happens toe these negative 
charges? The answer is found in the discussion 
of charged plates earlier in this chapter. With 
plate P negative relative to cathode K, the emit- 
ted electrons are prevented from advancing to 
the plate; the direction of action of the electro- 
static field between K and P repels the electrons. 
In the meantime, the continued heating of the 
cathode results in continued emission. The net 
result is a cloud of electrons in the space near 
the cathode, as illustrated by the tiny circles in 
A of figure 21. The absence of electron flow he- 
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tween cathode and plate makes the interelec- 
trode space the equivalent of an open circuit; 
consequently, there is no current flow through 
the tube circuit formed by the cathode, the plate, 
the current meter, and the plate-voltage supply 
source, 


k. In B of figure 21 the system has been modi- 
fied by changing the polarity of the voltage ap- 
plied to the plate, making the plate positive rela- 
tive to the cathode. What happens to the emit- 
ted electrons under such polarity conditions? 
The previous discussion concerning the move- 
ment of negative charges in an electrostatic 
field furnishes the answer. The positively 
charged plate now exerts an attracting force on 
the emitted electrons, They advance across the 
space between cathode and plate. Since moving 
charges comprise electric current, the stream 
of electrons is the equivalent of an electric cur- 
rent without benefit of a wire conductor. The 
movement of these charges can be viewed con- 
veniently as being from the cathode to the plate, 
thence through the meter, A, through the plate- 
voltage source, B, and back into the cathode, 
completing the circuit, 


i. If it is assumed that the cathode is kept at 
an emitting temperature and the plate is main- 
tained positive relative to the cathode, the move- 
ment of electrons continues through the cireuit 
for as long as the aforementioned conditions 
prevail. Because the current flows to the plate 
in the tube and through the circuit elements 
joined to the plate, it is identified as plate cur- 
rent. The electrons shown in B of figure 21, 
now are seen to fill the space between the cath- 
ede and the plate. 


m. This behavior of a diode leads to a num- 
ber of important and far-reaching conclusions: 


(1) Current flow in a diode occurs only 
when the plate is positive relative to 
the electron emitter. 

(2) Current will not flow in a diode when 
the plate is negative relative to the 
electron emitter. 

{8} Current flow in a diode can be in one 
direction only, from cathode to plate, 
never from plate to cathode. This ac- 
tion is called unidirectional or unilat- 
eral conduction. 


{4} A diode can behave like a control 
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valve, automatically starting and step- 
ping current flow. 


n. These capabilities lead to many different 
applications of the diode, several of which are 
detailed elsewhere in this manual. One of these 
can be appreciated here. If the plate battery 
in B of figure 21 is replaced by an a-< voltage 
source, which alternately changes the polarity 
of the plate and the cathode, the tube will alter- 
nately conduct and cease conducting. Each time 
the plate is made positive, current will flow 
through the system and continue flowing until 
the polarity of the plate is changed to negative, 
at which time, current flow through the plate 
circuit will cease. This is the principle of recti- 
fication. 

o. The fact that two diode systems are con- 
tained within a single envelope does not modify 
the behavior. Each diode behaves as outlined. 
The use of two diode sections is a matter of ac- 
complishing certain results conveniently. These 
will be explained later. 


17. Space Charge 


a, The statements made thus far in regard to 
the electrons emitted from a cathode (or fila- 
ment) and the statements made concerning the 
plate voltage as well as the plate current may 
well be considered more critically. How much 
electron emission is possible? How much plate 
current is possible or permissible? How high 
ean the voltage on the plate be? These questions 
deserve answers because they influence the un- 
derstanding of the over-all. operation of the de- 
vice. This leads to the subject of space charge. 
In order to make this manual easy to read, the 
cathode and filament types of electron emitters 
will be treated in like manner. Their physical 
differences are taken for granted, but it is nec- 
essary to select one or the other term for easiest 
reference to emitters. Accordingly, the word 
cathode will be used to denote the electron emit- 
ter in all cases, unless otherwise specifically 
stated. It will have meaning only as a source of 
electrons, rather than as a term which distin- 
guishes indirectly heated emitters from directly 
heated emitters. 


6. The number of electrons which traverse 
the space between the cathode and the plate in 


a diode per unit time (in other words, the plate 
current), is determined by four important fac- 
tors: 

(1) The temperature of the cathode; 

(2) The emission per unit time; 

(3) The voltage of the plate relative to the 

cathode; 
(4) The space charge. 


c. Items (1} and (2) are related to each other 
because the temperature of any cathode deter- 
mines the number of electrons emitted per unit 
time. Logically, a supply of electrons is neces- 
sary in order that plate current flow may exist. 

d. Item (8), the plate voltage, is another im- 
portant factor. It is the force attracting the 
emitted electrons. At first thought, it would 
seem as if a very low value of positive plate volt- 
age would immediately attract all the electrons 
which have been Hberated by the cathode. This 
does not happen because of item (4), the space 
charge. The space charge is responsible for the 
control of plate current. As a matter of fact, 
plate current in diodes generally is described as 
being space-charge limited, and an analysis of 
the behavior of the space charge explains why 
changes in the value of voltage applied to the 
plate change the value of plate current. The 
term space charge refers to the effect of the elec- 
trons which have been liberated and which ac- 
cumulate in the neighborhood of the cathode, 
with or without plate-current flow in the tube. 

e. Imagine for a moment a tube arranged as 
illustrated in A of figure 22. The cathode is 
heated to an electron-emitting temperature and 
the plate is joined to the cathode. Since no volt- 
age is applied to the plate, it exerts no attract- 
ing force on the emitted electrons. If the cath- 
ode is emitting electrons, what happens to them? 
As 2 beginning, it is necessary to make several 
assumptions. The heat applied to the cathode 
imparts sufficient velocity to the electrons to 
enable them to overcome the work function of 
the emitter materia). They break through the 
potential barrier. But most of the energy pos- 
sessed by the electrons is given up in passing 
through the potential barrier and very hitle is 
left after they leave the emitter. This is the 
first assumption: The electrons are considered 
as leaving the cathode at a relatively low veloc- 
ity. A few emitted electrons can possess suffi- 
cient velocity to complete the excursion to the 


plate, without any attracting pull from the 
plate. These are so few in number that they 
can be disregarded in terms of normal function- 
ing of the tube. 

f. The second assumption is that the shape of 
the emitting surface of the cathode is a straight 
side or a plane surface. The third and final as- 
sumption is that the electrons leave the cathode 
in an orderly manner and have orderly motion, 
something like the movement of troops in col- 
umns. This is not really true because emission 
is haphazard and in random directions away 
from the surface, but the assumption does no 
harm. An idea of what is meant is illustrated 
in B; the disposition of the electrons is shown 
more accurately in A. The orderly emission aids 
the understanding of what follows. Let us start 
with the emission of the first row of electrons, 
in B. They have nothing in front of them to 
impede their progress. However, their low ve- 
locity of emission is a limiting factor, and they 
do have to contend with the second row in back 
of them, the third group in back of the second, 
the fourth group in back of the third, and so 
on. Since the basic law of charged bodies states 
that like charges repel one another, the elec- 
trons back of the first group are experiencing a 
repelling force exerted by the electrons in front 
of them, and the direction of this force is such 
as to retard the motion of the electrons in their 
advance away from the cathode. 


g. Layers after layers of electrons feel these 
forces acting on both sides of them and, while 
they do move under the velocity of emission, 
the net result is a cloud of electrons near the 
cathode. The density of this cloud is greatest 
near the cathode, and less and less dense 
away from the cathode, as in A. To complete 
the picture, it is necessary to consider two other 
points. Since each charge in space exerts an in- 
fluence upon each neighboring charge, the ac- 
cumulation of the charges in space gives rise to. 
an accumulative effect of great importance. 
This is the condition created in the proximity 
of the cathode. It is spoken of as the space 
charge. Actually it is an electrostatic field that 
exists between the boundary of the electron 
cloud facing the cathode and the emitting sur- 
face of the cathode, as shown in C. 


h. One limit of this electrostatic field is the 
number of charges and the other is the emitting 
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Figure 22, Electron accumulation in diode, 


surface of the cathode. The direction of the 


lines of force in terms of emitted electrons is” 


away from the electron cloud. The cathode sur- 
face, on the other hand, is assumed to be the 
positive boundary of the field, because as each 
electron leaves it during emission, the cathode 
contains one additional positive ion (an atom 
lacking one or more electrons) and tends to at- 
tract electrons back into itself. It might seem 
that the density of the space charge will in- 
crease as long as the cathode is emitting elec- 
trons. Such is not the case. For any one given 
temperature of the cathode, the emission of elec- 
trons is definitely limited, as is the density of 
the space charge. The reason for this is the re- 
pelling action of the space charge. Having ac- 
quired a critical density, the space charge de- 
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velops a field of such intensity as to repel back 
into the cathode one electron for every electron 
which enters the electron cloud. This condition 
of equilibrium in the space charge is called 
emission saturation. 

i. Every value of cathode temperature has a 
condition of emission saturation. This is under- 
standable because an increase in cathode tem- 
perature increases the velocity of the emitted 
electrons and these new electrons will enter the 
space charge and make it more dense. After the 
density has been increased to the point where 
the field strength can offset the increased veloc- 
ity of the emitted electron, a new level of exnis- 
sion saturation is reached for the new cathode 
temperature. It is evident, therefore, that the 
space charge has a controlling influence upon 


the emission of electrons from the cathode. The 
control exerted by the space charge on the plate 


current can be seen by reference to figure 23. . 


The positive plate voltage is applied to that elec- 
trode, giving it a positive charge. The plate is 
positive relative to the cathode, but in between 
these two electrodes is the space charge with 
its retarding influence on the emitted electrons. 


SPACE CHARGE 


FIELD DUE TO 
SPACE CHARGE 


the field created by the voltage applied to the 
plate. The field between the space charge and 
the cathode is treated separately. The move- 
ment of an electron between cathode and plate 
can, therefore, be viewed as being first into the 
space charge and then out of the space charge 
to the plate. In this way equilibrium or constant 
electron density is maintained in the space 


FIELD SET UP BY 
POSITIVE VOLTAGE ON PLATE 
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Figure 28, Electrostatic fields present between cathode and plate as result of space charge. 


j. Two electrostatic fields are, therefore, 
present between the cathode and the plate: one 
between the cathode and the space charge and 
the other between the space charge and the 
plate. 
charge, it is entirely proper to view the attract- 
ing force of the positively charged plate as act- 
ing on the electrons in the space charge, rather 
than directly on the electrons being emitted. 

k, The reason for this is as follows: The lines 
of force going ta the positively charged plate 
represent 2 certain number of excess positive 
charges on that plate, and, naturally, a defi- 
ciency of a certain number of negative charges. 
The location of sufficient negative charges to 
serve as terminations of the lines of force going 
to the positive plate is unimportant. Although 
it is true that the plate voltage is applied be- 
tween the plate and the cathode, the electron 
cloud (space charge) located in space between 
these two electrodes furnishes the number of 
negative charges required as terminations for 


Because of the presence of the space 
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charge. If the equilibrium in the space charge 
is disturbed by removing electrons from the 
portion that is nearer the plate because of the 
attracting power of the positive voltage on the 
plate, it results in a reduction of the magnitude 
of the field of the space charge. Its ability to 
repel electrons emitted from the cathode is, 
therefore, reduced, and consequently only that 
number of electrons required to restore equi- 
librium will be added to the space charge in the 
zone near the cathode. More than this number 
will not be added to the space charge, because 
the state of equilibrium must be maintained. If 
electrons equa! to 10 ma (milliamperes) of cur- 
rent are removed from the space charge per 
second, that many electrons will enter the space 
charge from the cathode each second. The move- 
ment of electrons is from the cathode into the 
space charge, through the space charge, and 
out of the space charge to the plate without al- 
tering the density of the space charge. 


& A directed Movement oi electrons in this 
manner can be described as being the fiow of 
plate current between the cathode and the plate, 
thence through the remainder of the system. It 
is permissible to view the space charge as a res- 
ervoir of electrons, from which are drawn the 
negative charges which are required to equal the 
instantaneous plate current. The cathode is the 
supply which replenishes the space charge. This 
is similar to a water-supply system in which the 
consumers draw water from a local reservoir, 
and « stream or lake automatically supplies the 
equivalent amount of water required to main- 
tain a predetermined level. 

m. For a given value of plate voltage and a 
constant cathode temperature, a fixed number 
of electrons are drawn from the space charge 
per unit time. This results in a plate current of 
a certain value which is measured in amperes. 
A change in plate voltage changes the rate of 
electron flow and the plate current likewise 
changes to an extent determined by the direc- 
tion of change in plate voltage. At a sufficiently 
high positive plate voltage, all the emitted elec- 
trons enter the space charge because that many 
leave the space charge. Then the plate current 
is equal to the emission current, by which is 
meant the total number of electrons emitted by 
the cathode per unit time. 

n. The space charge performs a useful and 
necessary function. In most tubes, the cathodes 
(or filaments) are designed to emit a surplus of 
electrons so that more of them are available 
than are actually required during each unit 
time. If there were no space charge, even a 
very low positive plate voltage would result in 
very high values of current and short emitter 
life. Some kind of controi is, therefore, desir- 
able, and this is exerted by the space charge. 
Hence the statement that plate-current fiow in 
diodes (and other electron tubes) is space- 
charge limited. 


18. Vacuum-tube Characteristics 


To study more adequately the various factors 
affecting diode and other tube types, this dis- 
cussion of vacuum-tube characteristics is of 
fundamental importance. 

a. In a vacuum tube, a definite relationship 
exists between plate voltage and plate current 
—that is, between the magnitude of the attract- 
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ing rorce exerted by the positively charged plate 
and the number of electrons attracted to the 
plate. There is also a relationship between emit- 
ter temperature and electron emission—more 
specifically, filament emission and filament cur- 
rent—and between cathode emission and heater 
current. 

b. The manner in which these variable fac- 
tors influence a vacuum-tube operation estab- 
lishes the characteristics of the tube, and this 
is most clearly illustrated by means of graphs 
known as characteristic curves. As will be 
shown, these curves provide useful reference 
data for studying tube performance, and also 
for predicting performance under particular 
conditions of operation. 

e. For simplicity, characteristic curves can 
be regarded as being charts of cause and effect. 
Characteristic curves are plotted within the 
boundaries of two reference lines: one, a ver- 
tical reference line called the vertical azis, the 
Y-azis, or the ordinate; the other, a horizontal 
line called the horizontal azis, the X-azis, or the 
abscissa (fig. 24). These two reference lines 
serve as scales upon which can be indicated the 
units of measures (volts, ohms, amperes, and 
so on), representing variations in the depend- 
ent variable (effect), and the units of measure 
(volts, ohms, amperes), representing variations 
in the independent variable (cause). 


SCALES IN 
REQUIRED UNITS 


Y-SGALE (VALUES INCREASE IN THIS DIRECTIGN——+} 


X-SCALE (VALUES INCREASE IN THIS DIRECTION——}) 
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Figure 24. Organization of chart on which tube 
characteristics can be drawn. 


d. Generally, changes in the magnitude of 
the cause (X-axis) are shown on the abscissa, 
and changes in the magnitude of the effect 
(Y-axis) are shown on the ordinate. These 
seales of magnitude usually, though not always, 
start at the junction of the two axes, the 0 
point. The units indicated depend on what in- 
formation is to be conveyed. 


e. The characteristic curve (or curves, for 
there can be more than one), appears inside 
the space bounded by the two axes (heavy line 
in fig. 25). The characteristic of a device also 
is shown in the figure. Its description is un- 
important; all that matters is that the charac- 
teristic curve displays cause and effect: The 
current (in milliamperes) through the device 
varies for different applied voltages (in volts). 
Current is effect, and voltage is the cause. The 
effect is shown on the Y-axis in steps of 1 ma 
and the cause is shown on the X-axis in steps of 
2 volts. What is the current corresponding to 
& voltage of 10 volts? A projection upward from 
the 10-volt point on the voltage scale meets the 
Y-axis or current seale at 5.6 ma. This is the 
amount of current corresponding to 10 volts. 

f. To establish the effect of a change from 
a known reference value, assume that the cur- 
rent corresponding to 24 volts is required, Re- 
peating the previously described process, but 


20 


CHANGE IN 
CURRENT 


1S 


CURRENT (MA) 


VOLTAGE(Y) ——————- 


HORIZONTAL 
PROJECTIONS 


starting at the 24-volt point on the voltage scale, 
leads to a new current value of 10.6 ma. Con- 
sequently, a change of 14 volts (from 10 to 24 
volts) means a change of 5 ma. 


g. Finally, simultaneous projections can be 
made from both axes, for various magnitudes 
of whatever is indicated upon the abscissa and 
the ordinate. These intersect, establishing 
points from which a characteristic curve can be 
drawn that will identify the relationship be- 
tween the quantities indicated upon the refer- 
ence axes. Several examples appear later, 


hk. In general, characteristic curves involve 
two variable factors. These have already been 
indicated, in terms of cause and effect. The 
characteristic curve for this relationship is 
termed the plete-current plate-voltage charac- 
teristie curve, or the J-E curve. Similiarly, if 
the curve illustrates the cathode temperature 
for varying heater current, it would be called 
the cathode-temperature heater-current charac- 
teristic curve, since it is the change in heater 
current that causes the variation in cathode 
temperature. 


i. Characteristic curves operate in both di- 
rections. If the curve is viewed as the expres- 
sion of the cause and its resultant effect, the ef- 
fect resulting from a change in the cause can be 


CHARACTERISTIC 
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Figure 25. Plot of simple characteristic curve. 
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noted. It is also possible to regard this curve 
in another fashion. It may be desired to know 
what change must be madein the primary vari- 
able in order to produce a definite condition in 
the second variable. Consequently, a plate-cur- 
rent plate-voltage curve can be examined to 
ascertain the plate voltage that is required to 
produce a certain plate current, rather than the 
effect upon the plate current by a certain change 
in plate voltage. In other words, the curves 
operate with equal facility in two ways, one 
being the resultant change in effect as the cause 
is varied, and the other being the required 
change jn cause to produce a certain change in 
effect. 

j. Although characteristic curves illustrate 
the relationship between two variables, a third 
quantity usually is associated with them. For 
example, in the I-E curve, it is necessary to 
state the temperature of the cathode, the cur- 
rent through the filament or heater wires, or 
the voltage applied to the filament or heater 
wires. If no information is given regarding the 
cathode temperature, current flow, or voltage, 
the characteristic could not be identified as ap- 
plying to any particular condition. For, while 
the curve can be representative of behavior, the 
exact values of plate current indicated mean 
nothing unless the exact conditions producing 
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the state of behavior are identified. At least 
three values are indicated on or required for a 
vacuum-tube characteristic curve: the two vari- 
ables illustrated in the curve, and a third, each 
indicating the exact condition contributed by 
the other factors to the information illustrated 
in the characteristic curve. 


19. Linear and Nonlineor Characteristics 
(fig. 26). 


a. Two terms often encountered in descrip- 
tions of characteristic curves are linear and 
nonlinear. The meaning of the first term is 
graphically iNustrated in A of figure 26. For 
example, if a d-c voltage is applied across a 
fixed resistor, the relationship between the volt- 
age (one quantity) and the current (the second 
quantity) is a straight line. The resultant 
change in the second quantity (current) is 
directly proportional to variations in the first 
quantity (voltage). Such a relationship is said 
to be tinear, and it appears as a straight line 
over the full range of variation. In this case, 
the term curve is not truly descriptive of the 
straight line. However, not many character- 
istic curves of vacuum tubes are linear through- 
out their length. 
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Figure 26. Lineer and nonlinear characteristic curves, 
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o, B of figure 26 shows a tube characteristic 
curve which resembles the type found frequent. 
ly. The characteristic is nonlinear over a 
region, representing a range of applied voltage, 
then becomes linear over another range of volt- 
ages, and again becomes nonlinear. Just why 
this is so is unimportant; the importance lies 
in recognition of the meaning of linearity and 
nonlinearity. The reason for this is frequent 
reference to operation over the linear portion of 
a tube characteristic. These are specific con- 
ditions of use. 


c. At all times, linear operation means direct 
proportionality between a cause and an effect, 
as illustrated in A of figure 26, where a two- 
time increase in voltage, from 20 to 40 volts, 
causes a two-time increase in current, from 2 
to 4 ma. Only a straight-line characteristic is 
a linear characteristic. This can be the entire 
characteristic curve or a part thereof, as indi- 
cated in B of figure 26. The completely non- 
linear characteristic is shown in figure 27. At 
no point ig one variable directly proportiona) 
to the other. 


a 

= 

Fs 8 

Efe 

Bi 4 

Wd 

= 2 

a 2 

2 © 20 40 46080 

PLATE VOLTAGE (V) 

—_——- ee 


TM 662-36 


Figure 27. Curve dlustrating completely nonlinear 
characteristic. 


20. Static and Dynamic Characteristics 


Linear and nonlinear characteristic curves 
can be of either the statie or the dynamic type. 
Both static and dynamic characteristic curves 
exist for each vacuum tube. They differ in shape 
as well as in the actual values they represent. 
A simple explanation of the difference between 
these two types of curves is that, in static char- 
acteristics, the values are obtained with differ- 
ent d-c potentials applied to all the tube elec- 


trodes, and the organization of the system is 
not typical of actual operation. The dynamic 
characteristics are the values obtained when 
the organization of the system conforms with 
typical operation. This is explained more fully 
later. 


21. Family of Curves 


a. Several characteristic curves usually are 
shown together, to illustrate the relationship 
between the same two quantities under differ- 
ent conditions, A group of such curves is known 
as a family. Figure 28 is a family of different 
plate-current plate-voltage curves for different 
values of cathode temperature. For a given 
value of plate voltage, the plate current will be 
maximum at curve A. Therefore, curve A indi- 
cates the highest cathode temperature, curve B 
shows a decrease in cathode temperature, and 
the temperature is the least for curve C. Nu- 
merous families of curves appear in later sec- 
tions of this book. 


PLATE CURRENT (#4) —— 


PLATE VOLTAGE (VI te 


Figure 28. Family of plate-current plate-voltage curves 
for three values of cathode temperature. 


b. The characteristic curve, or family of 
curves, usually encountered in vacuum-tube Hit- 
erature relates to the flow of plate current in 
the tube. The most common, and perhaps the 
most important of vacuum-tube characteristics, 
is the one illustrating the magnitude of the elec- 
tron stream arriving at the plate for various 
values of positive voltage applied to the plate— 
namely, the plate-current plate-voltage cher- 
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acteristic. Most vacuum-tube applications are 
judged in terms of the plate current, since it 
is by the flow of plate current through the tube 
and the different electrical] devices externally 
connected to it that the various capabilities of 
the tube can be utilized. 


22. Plate-current Emitter-temperature 
Characteristic 
(fig. 29) 

To investigate the manner in which the 
emitter temperature and the space charge in- 
fluence plate current in a diode, a circuit is set 
up in which different values of emitter tempera- 
ture can be created by varying the heater or 
filament current while the plate voitage is held 
constant. 

a. In A of figure 29, 2 fixed filament voltage 
source, A and 2 variable resistor, R, allow 
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changes in the heater current. The filament 
meter indicates the current in this circuit. 
J, indicates the flow of filament current and 
E; the voltage across the filaments. The plate 
voltage is supplied by battery B and the plate 
current is read on the meter in the plate circuit. 
I, indicates the flow of plate current. It might 
be well to mention that the capital letter 7 for 
current indicates constant, average, or rms 
(root mean square) values by appropriate sub- 
scripts. Instantaneous values are indicated by 
a small letter ¢ for current and e for voltage. 
Constant, average, or rms values of voltage are 
indicated by the capital letter H with appro- 
priate subscripts. The subscript letter f in fig- 
ure 29 indicates the filament, whereas the sub- 
script b near the plate-current meter associates 
it with the plate. Common usage has established 
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£, as the voltage of the plate voltage supply. 
These subscripts are further explained in chap- 
ter 4, 

b. Thegeneral contour of the/,—#,curvecan 
be predicted from what has already been said 
sbout the conditions of emission. The curve of 
filament voltage versus plate current, with fixed 
plate voltage, would start at 0 corresponding 
to the 0 value of filament voltage. Then it would 
rise as the voltage is increased. Eventually it 
would flatten when the emission saturation 
points (B and D of fig. 29) would be reached 
for the applied value of plate voltage. Beyond 
this value of filament voltage, the increased 
emission contributes little to the plate current 
{lines BC and DE), since the number of elec- 
trons pulled out of the space charge by the plate 
voltage is not increased. Only the density of the 
apace charge is increased. As is evident in the 
graph, a slight rise in plate current occurs with 
increased filament voltage beyond emission sat- 
uration, but this increase is so slight, relative 
to the change in plate current up to the satura- 
tion point, that it can be disregarded for all 
practica) purposes. 

ec. Referring to curve ABC (B of fig. 29), the 
span A-B represents current limited by cath- 
ode emission for the existing plate voltage. Be- 
tween points B and € on curve ABC the Hmita- 
tion of plate current is due to the action of the 
space charge. A means of raising the plate- 
current limitation is by reducing the effective- 
ness of the space charge. This can be done most 
simply by raising the plate voltage. 

d. Raising the plate voltage results in a 
rise of the plate-current curve, and a new value 
for the point of emission saturation or the start 
of the space-charge-limited plate-current area. 
This is shown as curve ADE. Consequently, it 
can be seen that, for every value of plate volt- 
age, there is a limit to the number of electrons 
which can be drawn over to the plate in unit 
time to form the plate current. For the two 
curves, these are points B and D. The point at 
which emission saturation is reached is also 
known as the saturation point, and the maxi- 
mum current flowing (as BC and DE) is known 
as the saturation current. 


23. Plate-current Plate-voltage Chearac- 
teristic 


a. Another important relationship is that 
between.the voltage applied to.the plate and the 
resultant plate current when the emitter tem- 
perature is held constant. This approaches the 
conditions under which the tube is used. The 
circuit for developing these data is shown in 
A of figure 30. A voltage source, B, applies a 
voltage between cathode and plate through a 
current meter, I, The voltage applied to the 
plate of the diode is shown on a voltmeter and 
is labeled #,,. The subscript letters bb asso- 
ciate voltage E with the source—namely, the 
battery, B. The meter labeled /, indicates the 
plate current flowing in the system. 

6. The diode in A of figure 30 is shown with- 
out a heater and its associated current source. 
It is common practice to do this when illustrat- 
ing the circuity of simple, indirectly heated 
tubes. The presence of the heater is assumed. 
If this were a filament-type tube, the circuit 


‘would appear as in B of figure 30. Since the 
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emitter temperature is not’ a variable, the 
heater or filament circuit is not indicated. 

ce. If eurve ABC shown in C of figure 30 is 
examined, it will be noted that a fairly rapid 
rise in plate current occurs as the plate voltage 
is increased from the 0 value. Then the in- 
crease in plate current becomes less rapid, with 
uniform increases in plate voltage until a point, 
B, is reached where very little increase in plate 
current occurs as the plate voltage is increased 
still more. Point B represents the condition 
when ali of the emitted electrons are admitted 
into the space charge to form the plate current. 
Between points A and B, the plate current is 
limited by the space charge; between B and C, 
it is limited by the emission. Consequently, in 
the example shown, raising the plate voltage 
from 0 to 350 volts increases the plate current 
from slightly above 0 to about 68 ma. Raising 
the plate voltage from 350 to 500 volts causes an 
increase of only 2 ma from 68 to about 70 ma. 
The explanation for the presence of a very 
slight amount of plate current with 0 plate 
voltage is the fact that some of the electrons are 
emitted from the cathode with such high veloc- 
ity that they advance across the space between 
the emitter and plate without benefit of any 
attracting force issuing from the plate. 
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Figure 80. Plate-current plate-voltage characteristic curves. 


d. To obtain an increase in plate current for 
plate voltages in excess of 350 volts, it is neces- 
sary to provide a greater flow of electrons. This 
can be accomplished by raising the emitter tem- 
perature. Assuming an increase in cathode tem- 
perature, a curve similar to ADE might be ob- 
tained, The plate-current saturation point D 
corresponds te a plate-current flow of about 85 
ma {in contrast to the previous 68 ma at point 
B) and a plate voltage of about 375 volts. Any 
further increase will not produce a substantial 
increase in plate current. 

e. The discussion thus far reveals that, for 
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every tube operated at a fixed emitter tempera- 
ture, there is a certain value of plate voltage 
beyond which it is useless to increase the volt- 
age further, since all of the emitted electrons 
are moving over to the plate, and consequently, 
no appreciable plate current increase can be 
obtained. However, one factor remains: There 
is a difference in saturation points depending 
on whether a tungsten, a thoriated-tungsten, 
or an oxide-coated cathode is used. The curve 
in C of figure 30 was obtained with a diode hav- 
ing a tungsten filament. Figure 31 shows that 
the emission from an oxide-coated emitter is 


considerably larger, since the plate current is 
larger, than that of the tungsten types. Oxide- 
coated emitters release so many electrons that 
it is practically impossible to find plate voltages 
which will draw off all of these electrons with- 
out ruining the tube, Consequently, most mod- 
ern tubes which use oxide-coated cathodes do 
not display a plate-voltage saturation charac- 
teristic, but rather show continually rising 
plate-current curves as the plate voltage is in- 
creased as shown in figure 31. Note from the 
curves that as the operating temperature of the 
cathode increases, the plate current increases. 
In addition, this increase will have a more no- 
ticeable effect on the oxide-coated cathodes 
since the solid and dashed lines are much farther 
apart in the higher operating temperatures than 
in the lower ones. 
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Figure 41. Plate-current emitter-tempereture charac- 
teristic curves of diode with different types of 
emitters, 


24. D-c Plate Resistance of Diode 


a. Since the application of a positive voltage 
to the plate of a diode results in the flow of plate 
current, and since some form of control of the 
magnitude of plate current for different values 
of voltage exists in the tube, it is entirely proper 
to view the current control mechanism, what- 


ever may he its nature, as being the equivalent 
of a resistance. Electrical fundamentals teach 
that the control of current in a system issues 
from some form of opposition to the current 
flow present in the system: 

b. Such opposition exists in all electron tubes,. 
among which is the diode. It stems from many 
factors, such as the spacing between the elec- 
trodes, their physical size, the conditions of 
emission, the conditions of the space charge, 
and, in general, the energy wasted while the 
electrons are traversing the space within the 
tube. Tube resistance is of two kinds: d-c plate 
resistance and a-c plate resistance, each of 
which will be explained. The former usually is 
symbolized as &, and the latter as r,. 


c. The d-c plate resistance of the diode is that 
opposition to plate current flow offered by the 
tube when a d-c voltage is applied to the plate. 
It ean be calculated from Ohm’s law, R=E/I, 
with the plate voltage and the plate current in- 
serted as the known factors in the equation. 

d. Referring to figure 82, B shows a typical 
plate-current plate-voltage characteristic for a 
type 6H6 duo-diode tube, using only one pair of 
the two pairs of elements contained inside the 
envelope—that is one cathode and its asso- 
ciated plate. With 8 volts de applied to the plate, 
in A, the plate current, J,, is seen to be 10 ma, 
or .0l ampere. (The notation #, is used as the 
varying constant voltage befaveen the plate and 
cathode. This may or may not be the same 
value as E,,.) Applying Ohm’s law for d-c cir- 
cuits, these values of plate voltage and plate 
current represent a d-c plate resistance of 

EB, 8 
=T- 01 800 ohms. 

é. Similarly, with 20 volts dc applied to the 
plate, the curve shows a plate current of 406 ma, 
or .04 ampere, This corresponds to a d-c resist- 
ance of 20/.04 - 500 ohms. With 28 volts de 
applied to the plate, the plate current on the 
curve is 66.4 ma or .0664 ampere, and the d-c 
resistance is 28/.0664 — 422 ohms. 

f. Examination of these figures, and also of 
the shape of the characteristic curve, shows 
that the resistance offered by the diode to the 
flow of plate current is not constant, as is ordi- 
narily the case when resistance is present in a 
conventional d-c circuit. The characteristic 
shows that the resistance of the diode decreases 
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Figure $2. Plate-current piate-voltage characteristic for type 6HE tube, using only one diode section. 


as the plate voltage increases, and increases as 
the plate voltage is decreased. It has a nonlinear 
behavior. If the relationship of plate voltage 
and plate current were linear over the entire 
range of plate voltage, the plate-current curve 
would be a straight line instead of having a 
eurved characteristic. A straight line would in- 
dicate that the d-c plate resistance remained 
constant over the full range of plate voltage. 


g- Another significant fact in connection 
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with the EF, = I, characteristic curve is the con- 
dition resulting when the two sections of this 
duo-diode are connected in parallel, and the two 


_ cathodes also are joined in parallel. The plate 


current in this case becomes twice the amount 
obtained when the same value of plate voltage 
is applied to a single pair of elements. Accord- 
ingly, the values at any point along the plate- 
current curve are doubled when both sections of 
the duo-diode are paralleled. The plate resist- 
ance, therefore, becomes half of that existing 


when one pair of the two diode portions is used. 
This will be found to be true in all multiple- 
section diodes. 

hk. The absence of plate-current saturation 
points similar to those appearing in figures 29 
and 30 is due to the use of oxide-coated emit- 
ters in this tube. An application as low as 32 
volts to the plate results in a fairly high value 
of plate current, almost 70 ma. Judging by the 
shape of the characteristic, the saturation 
point is a long way off. The tube prebably 
would be damaged long before the plate-cur- 
rent curve would flatten because of the appli- 
cation of sufficient plate voltage to attract all 
the emitted electrons. This does not mean that 
diodes are not used at plate voltages exceed- 
ing 32 volts; they are used with very high volt- 
ages, many tens of thousands of volts, but when 
so used, diodes are specially designed. 


25. A-c Plate Resistance of Diode 

a. The a-c plate resistance of the diode is 
defined as the resistance of the path between 
cathode and plate to the flow of az alternating 
current inside the tube. Such is the definition 
meant when the term resistance is used without 
qualification for the diode and all other electron 
tubes. As will be seen later, it is an important 


term and is closely related to operating condi- 


tions. 

b. The a~ plate resistance is the ratio of a 
small change in plate voltage by the corre- 
sponding change in plate current. Expressed 
in an equation 


e. 
7, —-A& 


in which 7, is the a-c aie, resistance in ohms, 
A é, represents a small change in plate voltage, 
and Ad represents a corresponding small 
change in plate current caused by the plate 
voltage change. The Greek letter A signifies 
a small change of. 

¢. Figure 33 shows 2 plate-current plate-volt- 
age characteristic curve identical to the one in 
B of figure 32 and obtained from the circuit 
in A of figure 32, where one section of a 6H6 
diode is used. To establish the a-c resistance at 
any point along the curve, the plate voltage is 
varied on both sides of it at some definite value. 
B of figure 32 shows that the d-c plate resist- 
ence, FR, for this dicde is 500 ohms when the 
plate voltage is held constant at 20 volts dc. 
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Suppose it is desired to find the a-c resistance 
when the mean value of this assumed a-c valt- 
age is 20 volts, and the variation or swing is 
arbitrarily chosen at 1.6 volts on either side of 
the 20-volt point; that is, when A e, equals 3.2 
volts (fig. 33). 

d. To compute r,, the change in plate current 
for the given change in d-c plate voltage first 
must be found from the curve. At 21.6 (20 plus 
1.6) volts, the plate current is 45 ma or .045 
ampere. At 18.4 (20 minus 1.6) volts the plate 
current is 35 ma or .085 ampere. These pro- 
vide the two limits of voltage and current. 
Consequently, 

T, = A & = 21.6 — 18.4 — 3.2 = 320 ohms. 

At .045—.085 010 

e. The value of 320 ohms given above is the 
a-c plate resistance for 2 plate voltage which 
varies between 18.4 and 21,6 volts, whereas 
the same point is equal to a d-c plate resistance 
of 500 ohms when the plate voltage is held con- 
stant at 20 volts. Using the same method, 278 
ohms a-c plate resistance is obtained at the 
28-volt plate-voltage point for a change in plate 
voltage of 1.6 volts each side of the mean value 
of 28 volts, whereas the d-c resistance is 422 
ohms when the plate voltage is maintained con- 
stant at 28 volts. Similarly, 7, is shown equal 
to 527 ohms when the 8-volt plate-voltage point 
varies 1 volt on either side of the 8-volt mean 
value. If 1.6 volts is used in the latter case in- 
stead of 1 volt, 7, still remains relatively close 
to 527 ohms. However, it must be kept in mind 
that the smaller the change in plate voltage, 
the more accurate are the results. This is be- 
cause of the nonlinearity of the characteristic 
curve about this small change. In the former 
two cases, the curve is fairly linear and 1.6 
volts are used arbitrarily. Normally, for linear 
operation, the operating point for this curve 
is chosen with an 7, equal to about 320 ohms. 

f. It can be seen that an appreciable differ- 
ence exists between d-c plate resistance and a-c 
plate resistance, the latter being approximately 
one-half of the former. This is, in generai, true 
for all types of vacuum tubes. Furthermore, 
as figure 33 shows, the a-c resistance also is 
related to the plate voltage, decreasing as plate 
voltage is increased, and increasing as plate 
voltage is decreased. The exact value of a-c re- 
sistance depends on the point of operation se- 
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Figure 33. Plate-current plate-voltage characteristic which can be used to determine the a-c plate resistance of @ 


lected on the characteristic curve. Canse- 
quently, if the point of operation is at a plate 
voltage of 20 volts, the a-c plate resistance is 
greater than when the operating point chosen 
corresponds to a mean plate voltage of 28 volts. 


26. Static and Dynamic Diode Character- 
istics 

a. The discussion of diodes thus fur has been 
for static conditions and not for actual operat- 
ing conditions. For a diode, or any tube, to be 
able to perform its normal] function, its exter- 
nel circuit must contain a load. It is through 
this load that the diode current fiows outside 
the tube, and the voliege drop developed across 
this load then represents the output of the tube. 
With such a load, represented by a resistance 
R, (fig. 34), the operating characteristic of the 
tube is changed materially. The plate-current 
plate-voltage curve is altered noticeably, and 
it represents the dynamic characteristic rather 
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tode, 


than the stetie characteristic which applies 
when there is no load. 
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Figure 34, Adding a load resistor, Rx, to a diode circuit 
to obtain an output voltage, 


b. With no Joad in the circuit, or when Fz 
equals 0, the resistance in the circuit is the re- 
sistance of the tube; also, the small resistances 
of the battery and meter are present, but these 
can be neglected. But when an external resist- 
ance, the load resistance, is added (fig. 34}, the 
total opposition to plate-current flow includes 
that of the tube itself and also that of the load. 
When the load resistance is many times the 
value of the internal resistance of the tube, the 
tube resistance offers only a negligible percent- 
age of the opposition to plate-current flow. 
Consequently, if the external load resistance 
maintains its value regardless of the amount 
of current flowing through it, the plate-current 
plate-voltage characteristic of the system is 
changed from a curved line into a substantially 
straight line. 

c. These various conditions can be noted on 
@ separate graph (fig. 35). The dashed line 


represents the static characteristic—that is, 
when there is no load resistance. Solid line 1 
illustrates the voltage-current relationship 
when the load resistance is 1,000 ohms. This 
line possesses some curvature, but it is consid- 
erably less than that of the static line. Solid 
line 2 is obtained with a load resistance of 
10,000 ohms. This line is almost straight; some 
curvature appears in the region of low plate 
voltage where the internal resistance of the 
tube is highest. A line representing a value of 
100,000 ohms is so straight throughout its 
length that it Hes too close to the horizontal 
axis, and it cannot be drawn clearly on the 
graph. Therefore, the higher the load resistor 
value, the straighter is the dynamic curve, and 
the lower is the amount of plate current flowing 
in the circuit. This is not a disadvantage, pro- 
vided the load resistance is maintained within 
reasonable limits. 
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d. A linear dynamic characteristic is desired 
for the diode, principally because it assures pro- 
portionality between applied plate voltage and 
output current. This affords freedom from dis- 
tortion in many circuits that use the diode, al- 
though, in other applications, distortion is of 
secondary importance. The most important 
consideration is the use of a load; a load is nec- 
essary if a diode is to be of practical use. 


27. Uses 


a. Since current flow in the diode is unidirec- 
tional, one of its most prominent uses is as a 
rectifier or converter of alternating current into 
direct current. In figure 36, an alternating 
voltage is used as the plate voltage. During the 
positive alternations of the input voltage, the 
plate is positive relative to the cathode, and 
plate current i, flows through the tube and load 
résistance R,, The current develops a voltage 
drop across the load. At every instant the ont- 
put voltage (in voits) is: 

é output = (% x Rx) 
where FR; is the load resistance in ohms 


i, is the instantaneous current in am- 
peres. 
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voltage. The absence of conduction in the tube 
during the two negative alternations, B and B’, 
of the input voltage is caused by the diode plate 
being negative with relation to the cathode dur- 
ing these periods. If the input voltage has a 
frequency of 60 eps (cycles per second), the 
output current pulses will occur 60 times per 
second, each lasting for a period equal to one- 
half of each input cycle. 


d. Both single- and dual-section diodes have 
many other uses, developed later in this manual. 
All of these depend on the principle of unilat- 
eral conduction through the tube. 


28. Types 


High-vacuum diode tubes are available in 
various types (fig. 37}, differing principally in 
physical dimensions and shape. They differ in- 
ternally as well but not in the fundamental 
arrangement of the electrodes. The physical 
dimensions are related to the magnitudes of 
voltages applied to the plate and the currents 
flowing through the tube during operation. 
Tubes used in circuits which handle signal volt- 
ages of relatively low values are known as sig- 
nal diodes. Another general! category is that of 
power diodes or vacuum-tube rectifiers which 
handle high values of voltage and current. Eac 
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Figure 86. Diagrom illustrating unidirectional current flow in diede. 


e. Concerning the action in figure 36, it can 
be seen that the changes in current amplitude 
follow the instantaneous changes in applied 
plate voltage. This becomes evident when the 
input plate-voltage alternations, A and A’, are 
compared with the cutput voltage pulsations, 
Aand A’. These pulsations have the same shape 
as the two positive alternations of the applied 
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of these types is intended for speciai applica- 
tion and they are not interchangeable. Signal 
diodes are restricted to signal circuits. Power 
diodes generajly are used in power circuits, ex- 
cept where certain signal systems entail rela- 
tively high voltages, and circuit operation de- 
mands an action similar to rectification. 


29. Electron Transit Time 

a. The time required for an electron to tra- 
verse the distance from the cathode to the plate 
of a diode, or other kinds of electron tubes, is 
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Figure $7. Various types of high-vacuum diodes. 


called electron transit time. At operating fre- 
quencies below 200 me, transit time introduces 
no particular problems. Under such conditions, 
the movement of the electron conforms with 
the changes in instantaneous amplitude and 
polarity of the plate voltage. This can be de- 
scribed more broadly by saying that the output 
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plate current conforms with instantaneous 
changes in tube electrode voltages. _ 

&, As the frequency of the electrode voltage 
rises, above 200 mc, for example, the transit 
time becomes an appreciable part of the cycle. 
The elapsed time for the completion of 1 cycle 
of a 200-me voltage is one two-hundredth of a 


microsecond. The positive alternation of such 
a voltage is completed in one four-hundredth of 
a microsecond, or .0025 usec. For exampie, sup- 
pose that the applied plate voltage and the 
physical arrangement of the electrodes are such 
that .005 usec is required for the electron to 
travel from the cathode to the plate. Then if a 
200-me signal is applied to the plate, the elec- 
tron undergoes a change while traveling to the 
plate because the polarity of the plate voltage 
has reversed from that which existed a moment 
earlier. 


_ ¢ A lag of this kind cannot be tolerated be- 
cause it interferes with the operation of the 
system. Therefore, diodes (and other electron 
tubes) are designed specially for use at very 
high frequencies. As a rule, these design differ- 
ences are found in the physical] spacing between 
electrodes and in the value of the applied volt- 
ages. Moreover, such tubes bear special] desig- 
nations indicating their suitability for very- 
high- and ultra-high-frequency applications. 


30. Summary 


a. The diode is a two-electrode tube contain- 
ing an emitter of electrons and a collector of 
electrons. The emitter is known as the fila- 
ment or cathode. In modern usage, the term 
cathode is used to indicate either type. Cath- 
odes are of two types. directly heated and indi- 
rectly heated. The collector is commonly known 
as the plate and sometimes is referred to as the 
anode. 

db. The flow of electrons in a diode constitutes 
the plate current. Plate-current flow in a diode 
js unidirectional, and the tube is, therefore, a 
unilateral conductor. This underlies the use of 
the diode as a rectifier. 


e. The direction of plate-current flow is iden- 
tical to that of electron flow, that is, from nega- 
tive to positive. 

d. An electron in an electrostatic field moves 
toward the positive limit of the field, its veloc- 
ity per unit time being a function of the differ- 
ence of potential existing between the iimits of 
the field. 

e. The important features of a vacuum tube 
ean be obtained from its characteristic curves. 
A number of curves drawn on the same graph 
are known as a family of curves. 
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g. One of the effects interfering with maxi- 
mum plate-current flow in a tube is that result- 
ing from the presence of the space charge. The 
space charge is caused by an accumulation of 
electrons in the immediate vicinity of the cath- 
ode. In this position, it tends to repel electrons 
back to the cathode and prevents them from 
flowing toward the plate. 


hk. The state of equilibrium in which the 
maximum density of the space charge for every 
fixed temperature of the cathode is reached is 
known as emission saturation, or the satura- 
tion point. The value of plate current flowing 
at that time is referred to as the saturation 
current, 


i. Two types of resistance are present in a 
diode, the d-c plate resistance and the a-c plate 
resistance. This also is true of other types of 
tubes. 

j. The phenomenon of electron transit time 
is not a factor of importance in medium- and 
high-frequency operation of vacuum tubes, but 
it is of very special concern in ultra-high-fre- 
quency operation. 


k. The principal uses of the dicde are as a 
rectifier and as a detector. 


31. Review Questions 


a. Describe the construction of a diode and 
draw its schematic. 

h. By what other names are these identified: 
the emitter of electrons and the collector of 
electrons in a tube? 

e. Describe two principal methods for heat- 
ing electron emitters. Which is more commonly 
used? 

d. Name the two types of rectifiers using 
diodes. What feature of diode operation makes 
possible its use as a rectifier? 

e. What is a duo-diode and how does its con- 
struction differ from that of a regular diode? 
INustrate schematically. 

f. When an electron moves in an electrostatic 
field between two charged surfaces, what de- 


termines (a) its direction of travel, (b) its 
velocity of motion? 

g- In 3 vacuum tube, why do electrons flow 
from the cathode to the plate but not in the re- 
verse direction? 

h. In what respect does a diode act like a 
valve when comparing it to the flow of plate 
current in a diode? 

t. What is the space charge in a tube and how 
does it affect the operation of the tube? Is it 
desirable? 

j. Name four factors that contro! plate-cur- 
rent flow in the diode. 

k&. identify the two electrostatic fields pres- 
ent in a diode. 

I. How does the plate current of a tube vary 
as the plate voltage is increased? Show this by 
& graph. Can the plate current be increased 
indefinitely by increase of plate voltage? 

m. What is a positive ion? 

n. What is meant by the equilibrizm of the 
space charge? 


o. Explain the terms emission saturation, 
saturation point, saturation current. 

p. What is the effect of a load resistance upon 
plate-current flow and upon the dynamic curve? 

q. What are some kinds of important infor- 
mation that can be obtained from characteris- 
tie curves? 

ry. What relationship is brought out in a 
plate-current plate-voltage characteristic 
curve? 

s. In what sense do characteristic curves 
operate in both directions? 

t. Explain and illustrate the terms linear 
and nonlinear, 

zu. What are the two types of resistances 
present in a diode? 

v. What general information is contained in 
a family of characteristic curves? 

w. What is the difference between the static 
and dynamic characteristics of a vacuum tube? 

x. Name some types of diodes. 

y. What action of the electron is referred to 
by the term electron transit time? 
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CHAPTER 4 
TRIODES 


32. Control Grid 


a. GENERAL. 


(1) 


Q 


— 


The invention of the triode, or three- 
element tube, was one of the most im- 
portant steps in modern electronics. 
Up to 1907, the dicde was the only 
electron tube used in the primitive 
wireless communication systems of 
that time. In that year, DeForest dis- 
closed his third element, an electrode 
which was added to the diode and so 
formed the tricde. Not only did it 
modify the diode, but it opened a new 
era in communication facilities. De- 
Forest’s third element made present- 
dav radio communication in all its 
forms a practical reality. 


The emitter and the plate as used in 
the diode appear also in the triode. 
They retain their functions as a source 
of electrons and a collector of elec- 
trons, respectively. In the space be- 
tween them, and located nearer to the 
emitter, is placed the third element, 
commonly called the control grid. 


b. PHYSICAL CONSTRUCTION OF TRIODE. 


(1) 


(2) 


Figure 38, illustrating the organiza- 
tion of the cathode, control-grid, and 
plate electrodes of the triode, is an 
example of the oval-shaped form of 
grid, and shows how the grid sur- 
rounds the emitter on all sides. The 
plate electrode is seen enveloping the 
control grid. Other examples of triode 
construction exist, but they do not 
differ greatly from this. 

The dimensions and the shape of the 
electrodes used in triodes, as well as 
the physical spacing between the elec- 
trodes, differ in accordance with the 
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PLATE 


CONTROL 


GRID 


Figure 


(3) 


38. Construction of triode, showing cathode, 
control-grid, and plate arrangement. 


intended uses of the tubes. Since these 
are related to such details as the values 
of plate voltage and plate current, the 
elements of triodes used in transmit- 
ters generally are larger than those of 
tubes used in receivers. 


The internal structure of the triode 
seldom is completely visible through 
the envelope. When the envelope is 
made of metal, the reason is obvious. 
When the envelope is made of glass, 
the view of the inside usually is ob- 
secured because of the opaque coating 
formed by the getter when the tube is 
flashed, that is, heated to a high tem- 
perature. The getter is a substance 
that is placed within the envelope for 


(4) 


the express purpose of absorbing any 
gases that may be liberated from the 
electrodes during initia! operation. 
This keeps the vacuum created in the 
tube as high as possible. Magnesium 
is widely used as a getter, but other 
materials, such as barium, zirconium, 
and phosphorous, also can be used. 
The opaque deposit formed by the get- 
ter appears as a thin film on the lower 
half of the inside surface of the glass 
housing. The top usually remains 
transparent, and some visual inspec- 
tion of the electrodes inside is there- 
fore possible. This is the usual means 
for determining whether the electron 
emitter is incandescent. In the larger 
transmitting tubes, the getter coating 
usually does not obscure the metal 
parts inside the tube. 
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¢. CONSTRUCTION OF CONTROL GRID, 


(1), 


{2) 


In appearance, the control grid is a 
ladderlike structure of metal. In most 
cases, it has a helical form, consisting 
of a number of turns of fine wire 
wound in the grooves of two upright 
supporting metal structures (fig. 39}. 
The metals used for grids are usually 
molybdenum, nichrome, iron, nickel, 
tungsten, tantalum, and alloys of iron 
and nickel. The different physical sizes 
of the control grid, as weil as the 
spaces between the turns that form the 
electrode, reflect different designs of 
triodes. The emitters and the plates 
are similar to those used in diodes. 


d, SYMBOL FOR CONTROL GRID, When shown 
symbolically, the control grid (fig. 40) appears 
between the symbols used for the emitter and 
the plate, as either a zig-zag line, in A, or a 


ELLIPTICAL HELIX 
{VARIABLE ji} 


HELIX 


SPOKE TYPE 
{UHF TRIODE} 
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Figure $9. Typical control-grid assemblies, 
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dashed line, as in B. The symbol] using the 
dashed line is the standard form in Signal Corps 
schematics. The ietter identification of the con- 
trol grid in the triode electron tube is the capital 


letter G, 


although in some instances the letters 


CG are used. 
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Figure 40. Symbols for directly and indirectly 


heated triodes. 


é. PURPOSE OF CONTROL GRID. 


(1) 


(2 


— 


(3) 


Briefly, the purpose of the control grid 
is to govern the movement of electrons 
between the cathode and the plate, 
thereby controlling the instantaneous 
plate current flowing through the tube. 
AS previously mentioned, the voltage 
applied to the plate determines the 
amount of electrons attracted to it. 
What, then, is the electrical difference 
between the triode and the diode? 
Essentially, the diode can change al- 
ternating current to pulsating direct 
current. When an a-c voltage is ap- 
plied to the plate, the instantaneous 
value of plate current is a direct func- 
tion of the instantaneous polarity of 
the applied plate voltage, assuming, 
of course, that the emitter tempera- 
ture remains constant. In the triode, 
a voltage on the control grid can vary 
the plate current when the voltage ap- 
plied to the plate of the triode is held 
constant. 

The polarity and amplitude changes 
in voltage applied to the diode plate 
result in a unidirectional flow of pul- 
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(4 


—_ 


(5) 


(6) 


(7) 


sating plate current. In the case of 
the triode, the voltage applied to the 
plate of the tube is a d-c voltage ob- 
tained from a constant voltage source, 
but the action of the control grid can, 
nevertheless, cause variations in tne 
amplitude of the plate current. The 
statement just made concerning the 
situation at the plate of a tube is a 
very important and fundamental point 
of distinction between the diode and 
the triode. 


The control grid can stop the flow of 
electrons to the plate. This is the same 
as saying that the plate current can be 
cut off despite the presence of a d< 
voltage on the plate of the tube. 


The positive plate voltage can be as 
high as 5,000 volts, and, with proper 
negative grid bias, the control grid 
can overcome completely the influence 
of the high voltage. Consequently, it 
can be said that the control grid con- 
trols the current in the plate circuit. 
This contro] is external. If current 
and voltage in a system are represen- 
tative of electrical energy in that sys- 
tem, then the control grid in the triode 
is an independent agency affording 
contro] of the amount of electrical 
energy present at any instant in the 
plate circuit. 


The ability of the control grid to gov- 
ern the flow of plate current is used in 
many ways. Stopping all plate cur- 
rent is an example of an extreme con- 
dition. In addition, the control grid 
can decrease or increase the plate cur- 
rent instantaneously, even though the 
positive voltage applied to the plate is 
constant. It can also create current 
conditions in the plate circuit which 
are equivalent to changes in the plate 
voltage. Finally, the contro} grid can 
be made ineffective so that it does not 
contro! the plate current at all. 


It is natural if the preceding state- 
ments lead to the impression that the 
grid in the triode behaves like a vaive 
by controlling the instantaneous value 
of plate current. It is common to refer 


to the contro} grid in this manner, al- 
though the term valve is not fully de- 
seriptive of all the uses of a grid. 
Nevertheless, the valve action is very 
important, for it is the basis of the 
many functions of a triode, especially 
its ability to deliver a stronger signal 
than it receives, This process is called 
amplification. It should be pointed out, 
however, that vacuum tubes actually 
do not amplify power. In fact, the 
grid actually controls the flow of 
power from the plate power supply. 


f. SUPPLY VOLTAGES OF A TRIODE. 
(1) To operate properly, every triode re- 


quires a means of heating the emitter. 
This is accomplished by a heater or 
filament voltage. The voltage source 
sometimes is referred to as an A-bat- 
tery (fig. 41). It is connected to the 
filament in the directly and the indi- 
rectly heated triodes, shown in A and 
B respectively. This d-c voltage com- 
monly is known as the heater supply 
or the A-supply. As a matter of sim- 
plicity, the discussion of the triode 
will be carried on using the indirectly 
heated triode as the basis. 
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Figure 41. D-c supply voltages of directly and indirectly 


heated triodes. 


(2) Since the plate in the triode functions 


as an attractor of electrons, it is un- 
derstandable that a source of positive 


\- plate voltage (in reference to cathode} 


is required. This source is the B-bat- 
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(3) 


(4) 


(5) 


tery (fig. 41), also called the B-supply 
or plate-voltage supply. Electrically, 
it is connected between the plate and 
the electron emitter, with the positive 
terminal of the supply jeining the 
plate of the tube. The junction be- 
tween the negative terminals of the 
A- and B-batteries usually is grounded 
in standard practice. 

The third electrode of the triode is 
the control grid. Discussion of the 
movement of electrons in the diode 
{ch. 3) has made clear that control of 
plate current by means of an added 
electrode is accomplished by setting 
up an additional electrostatic field. A 
field of this kind results from the ap- 
pHcation of a voltage difference be- 
tween the grid and another point. 
Therefore, by all sound reasoning, the 
control grid should be subject to a 
voltage. 


A third source of voltage, generally 
assigned the letter C, is connected be- 
tween the control grid and the emitter 
(fig. 41}. The polarity connections of 
the C-battery make the control grid 
negative with relation to the electron 
emitter. This is standard practice for 
reasons which will be explained short- 
ly. For the moment, if should not be 
considered in that light, but viewed 
rather as a voltage connected between 
the control grid and the emitter. The 
reason for this approach is the man- 
ner in which the action of the control 
grid will be analyzed. It will be exam- 
ined under these conditions: positive 
relative to the emitter, negative rela- 
tive ta the emitter, and zero potential 
relative to the emitter. 


The circuits in figure 4] are of funda- 
mental triode systems suitable for 
study. Each diagram shows the volt- 
age sources applied to the electrodes 
of this type of tube. However, all sys- 
tems do not use batteries as the source 
of operating voltages. The voltages 
can be secured from other sources. The 
heater or filament voitage, marked A, 
can be obtained from an a-c trans- 


(6) 


(7) 


(8) 


(9) 


former, or from rotating machinery 
such as a d-c generator. The plate- 
yoltage source, labeled B, can be a d-c 
generator, or it can be a device de- 
signed for the purpose of furnishing 
d-c voltages from a variety of primary 
power sources. Such a device is known 
as a power supply. 

The grid-voltage supply, labeled C, 
also can be secured from 2 power sup- 
ply or from special circuits associated 
with the tube itself, which will be de- 
scribed later. 

The circuits of figure 41 warrant addi- 
tional comments. Previous statements 
concerning the thermionic type of di- 
ode associated that tube with one fixed 
operating voltage, the heater or fila- 
ment voltage. The voltage applied to 
the plate was shown as de only, for 
the purpose of explaining the operat- 
ing characteristics. In rectifier appli- 
cations, this voltage is alternating and 
is representative of the a-c power that 
is being applied to fhe tube for con- 
version to d-c power. 

In the triode (fig. 41), the situation 


is different. Here, the three electrodes. 


receive fixed d-c operating voltages. 
These determine the manner in which 
the tube functions and performs the 
duties assigned to it. As long as an 
electron tube is used as a triode, it 
bears direct association with a value 
of heater or filament voltage, a plate 
voltage, and a control-grid voltage. 
Sometimes these are referred to as 
the operating potentials. 


Another very important detail con- 
cerning the operating voltages of the 
triode (as well as of other vacuum 
tubes containing three or more elec- 
trodes) is the reference point of the 
applied electrode voltages. In almost 
al] cases it is the cathode, or the com- 
mon junction point of the voltage 
sources, shown connected to ground in 
figure 41 because this is a standard 
practice in almost all cases. To meas- 
ure the plate voltage, a voltmeter 
would be connected between the plate 


electrode and the common ground 
junction. The same is true for the con- 
trol-grid voltage: the measurement 
would be made between the control 
grid and the common ground point. 


33. input, Output, and Cathode Circuits 


a. GE 


of Triode 
NERAL. The application of the triode 


and other vacuum tubes which contain three 
or more electrodes is founded upon a division of 
the electrode circuits into three systems (fig. 
42): the input, output, and cathede circuits. 
A shows an indirectly heated and B a directly 
heated triode. 
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Figure 42. Input, output, and cathode circuits of 


indirectly and directly heated triodes. 


b. DISTINCTION BETWEEN CIRCUITS. 


(1) 


(2) 


The input circuit encompasses all cir- 
cuit elements between the control-grid 
electrode as one boundary and the 
grounded common voltage reference 
point as the other circuit boundary. 
The output circuit includes all com- 
ponent parts between the plate elec- 
trode and the common voltage refer- 
ence point. Finally, the cathode circuit 
includes all the elements in the system 
between the emitter proper and the 
common voltage reference point. 


The circuit division is based on the 
voltages applied to the electrodes even 
though the different voltage sources 
have been omitted. It also is related to 
the paths of signal currents that flow 
in the tube circuits. It is too early in 
this treatment to speak about these, 


but they will appear again later in this 
manual. 


34. Electrostatic Field in Triode 
@, SPACE-CHARGE CONDITIONS. 


(1) 


(2) 


Figure 


An imaginary view of the electrodes 
of a triode without any voltages ap- 
plied to the control grid and the plate, 
but with the cathode at emitting tem- 
perature, is shown in figure 43. The 
letter K designates the electron-emit- 
ting cathode, G is the control grid, 
and P is the plate. Each grid wire is 
represented as a small circle. Elec- 
trically, these circles are connected. 
The separation between the grid wires 
is ample to allow electrons to travel 
between the wires toward the plate. 
The space charge is shown by the tiny 
dots between the cathode and the con- 
trol grid. The greatest space-charge 
density is seen to exist nearest the 
cathode (par. 17). Note the absence of 
electrons in the space between the con- 
trol grid and the plate. Some of the 
emitted electrons have sufficient velo- 
city after emission to advance to the 
plate, but these are so few in number 
as to be unimportant in the discussion. 
Consequently, it is completely satis- 
factory to show the space between the 
control grid and the plate devoid of 
electrons. It is only when current is 
passing through the tube that elec- 
trons are present in this space. 

In figure 43, note the physical loca- 
tions of the control grid and the plate 
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48. Imaginary view of electrodes in a triode. 
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relative to the space charge. The con- 
trol grid is very much closer to the 
space charge than the plate is. In fact, 
the entire space charge is assumed to 
be located between the cathode and 
the contro! grid. The actual physical 
separation between the electrodes of 
an electron tube is a matter of indi- 
vidual tube design, This aspect of elec- 
tron-tube construction is unimportant 
in this discussion, although it can he 
stated that these dimensions usually 
are in small fractions of an inch, ex- 
cept in the very large transmitting 
tubes, in which the tube electrodes are 
farther apart. 


&. BEHAVIOR OF CONTROL GRID. 
{1) In figure 44, the cathode is assumed 


to be emitting an adequate supply of 
electrons. The B battery applies 100 
volts to the plate, making it positive 
relative to the cathode by that amount. 
The control grid is at zero potential 
relative to the cathode, as shown. Men- 
tion of zero voltage difference between 
two points does not imply an open cir- 
cuit; it means that both points are at 
the same potential or that there is no 
difference of potential between them. 


ELECTROSTATIC 
FLELD 
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Figure 44. Electron flow in triode with control grid 


at cathode potential. 


(2) The triode is a2 thermionically heated 


electron tube; therefore, a space 
charge exists in the neighborhood of 
the cathode, between that electrode 
and the control grid. This cloud of 
electrons is inherent in every tube of 


this kind, regardless of the number of 
electrodes. 


c. CREATION OF ELECTROSTATIC FIELD. The 
electrostatic fields created by this organization 
of electrodes and the voltage relationships are 
symbolized by the arrows in figure 44. With 
zero voltage applied to the grid, the latter has 
no electrostatic field of its own. The positive 
voliage applied to the plate causes an electro- 
static field to exist between the cathode and 
the plate (par. 17). 

d. DIRECTION OF ELECTROSTATIC FIELD. The 
direction of the field is such as to pull electrons 
toward the plate. They advance to it through 
the spaces between the control-grid wires. The 
amount of plate current flowing through the 
tube and around the external plate circuit back 
into the cathode is a function of the voltage 
applied to the plate, or space-charge limiting 
that takes place. For the sake of clarity and 
because the plate voltage has been stated as 
100 volts, a plate current of 20 ma is assumed. 
This value is purely illustrative, and is not 
intended to imply any plate-current plate-volt- 
age relationships for triodes in general. 


€, CONTRIBUTION OF CONTROL GRID. So far, 
the action of the triode is not much different 
from that of the diode. The contro! grid, at 
eathode potential, contributes very little, if 
anything, to the behavior of the triode. It is 
important, however, to consider the grid cur- 
rent which flows in the control-grid cathode cir- 
cuit because of what it means during applica- 
tion of control-grid voltages and its association 
with the operating voltage conditions at the 
control-grid electrode. 

f. Grip CURRENT. 

(1) The spaces between the control-grid 
wires allow free movements of elec- 
trons to the plate (fig. 44). The con- 
trol grid is, however, a physical struc- 
ture; therefore, the grid wires can 
block the passage of some of the elec- 
trons advancing toward the plate. 
There is no force that tends to make 
the grid wires attract electrons to it, 
but since it is in the path of the plate- 
current electrons, some charges wiil 
attach themselves to the contrel-grid 
wires. This results in a small amount 
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of grid current flow in the control- 
grid cathode circuit. 

Slight as it is, this grid current is, 
nevertheless, undesirable for several 
reasons. All of them relate to the ulti- 
mate performance of the tube. Some 
of them are associated with the prop- 
er performance of the devices which 
are used with the tube. Since it is too 
early in the discussion of the triode 
to explain each of these effects, they 
will be explained later. However, it 
can be said that the usual triode oper- 
ating conditions are such as to pre. 
vent the attraction of electrons to the 
control grid, and therefore, the flow 
of grid current. 


(2) 


35. Negative Voltage on Control Grid 


a. GENERAL. Another set of operating volt: 
age conditions for the triode (fig. 45) is iden- 
tical with that shown in figure 44, except for the 
insertion of a 1-volt C-battery which makes the 
control grid negative relative to the cathode by 
1 volt. 
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Figure 45. Electron flow in triode with control grid 
negative in relation to cathode. 


b. ELEcrRosTATIC FreLtp. The voltages ap- 
plied to the plate and the control grid produce 
two separate electrostatic fields (fig. 45}. The 
Positively charged plate has a field which at- 
tracts electrons toward the plate. The nega- 
tively charged control grid has a field which 
repels electrons toward the cathade. 

c. Pars or ELECTRON. 

(1) On the side of the control grid which 
faces the space charge, the negatively 
charged grid acts to repel electrons 
back into the space charge, thereby 
reducing the number of electrons 


which advance to the plate. This tends 
to increase the density of the space 
charge, which causes a greater num- 
ber of the emitted electrons to be re- 
pelled back into the cathode in order 
to maintain equilibrium of the space 
charge. Immediately, the situation 
implies a reduction in plate current; 
however, this is not the complete story. 
On the side of the control grid which 
faces the plate, the direction of the 
electrostatic field is toward the plate. 
Consequently, once an electron has 
traveled into the area between the 
eontrol grid and the plate, al] the 
forces acting on it attract it toward 
the plate. Even though this effect 
takes place, it is not too important in 
relation to the negative grid. 


d. E¥¥EcT OF ELECTROSTATIC FIELD. Figure 
45 shows that the lines of force in the plate 
field penetrate the space between the grid wires 
and act on the space charge, tending to pull elec- 
trons to the plate. At the same time, the lines 
of force on the cathode side of the control grid 
tend to prevent electrons from advancing to the 
plate. The movement of electrons through the 
openings of the grid to the plate is controlled 
by the force that predominates. 

e. EFFECT oF Circurr VOLTAGES. 

(1) It would seem from the simple relation 
between numbers that the negative 1- 
volt potential on the control grid and 


(2) 


the positive 100-volt potential on the. 


plate would create fields of such rela- 
tive intensity as to enable the plate 
field to overwhelm the grid field com- 
pletely. This does not oceur, because 
the control grid is much closer to the 
space charge than the plate is. There- 
fore, a low voltage applied to the can- 
trol grid can exert as much, or more, 
influence on the space-charge electrons 
as a very much higher voltage applied 
to the plate. 

Making the control grid 1 volt nega- 
tive with relation to the cathode can 
offset as much as plus 10, 20, or even 
50 volts applied to the plate. In some 
types of triodes the effect may be less, 
and in still other types can be greater. 


(2) 


68 


For the purpose of comparing figures 
44 and 45, the —l-volt grid bias in 
figure 45 reduces the original plate 
current by 10 ma, making it 10-ma 
instead of the 20 ma flowing with 0 
grid voitage in figure 44. 

In some tubes, —-1 volt applied to the 
contra] grid can stop the movement of 
electrons completely, thus cutting off 
the plate current. Such a condition is 
known as cut-off, and the amount of 
negative grid voltage necessary to 
cause this state is known as the cut- 
off voltage. In some instances, cut-off 
is not reached until perhaps —10 volts, 
~—20 volts, or more are applied to the 
control grid. The exact value is deter- 
mined by the design of the tube. 


(3 


wat 


36. Positive Voltage on Grid 


What happens if the voltage applied to the 
control grid is positive, thereby making the 
control grid positive relative to the emitter? 
This is not the most frequently used operating 
condition, but it warrants an explanation be- 
cause it is found in some applications. 

a. ELECTROSTATIC Fretp. The change in pol- 
arity of the control-grid voltage modifies the 
direction of the electrostatic field between grid 
and cathode (fig. 46). This field tends to pull 
electrons out of the space charge and accelerate 
them toward the plate; because of the positive 
voltage on the control grid, great numbers of 
electrons pass through the grid openings as they 
advance toward the plate. The field produced 
by the positive voltage on the plate also is pull- 
ing electrons toward the plate; consequently, 
the positively charged contro! grid can be de- 
scribed as aiding the plate voltage, thereby in- 
creasing the plate current. It is assumed in the 
example cited that the plate current is increased 
10 ma, so that the current is now 30 ma instead 
of the 20 ma indicated in figure 44. 

>. PATH OF ELECTRONS. Many of the elec- 
trons attracted from the space charge by the 
positive control grid are intercepted in their ad- 
vance to the plate by the grid wires. This results 
in grid current which is much larger in value 
than when the control grid was held at 0 voltage. 

c. EFFECT OF PLATE VOLTAGE. The extent to 
which a positive voltage applied to the control 
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Figure 46. Electron flow in triode with control grid 
peaitive in relation to cathode, 


grid offsets the space charge and increases plate 
current is determined by the design of the par- 
ticular triode. In some tubes, a grid voltage 
change of a few volts may have the same effect 
on plate current as changing the plate voltage 
by 10, 20, or oven 50 volts. In other instances 
it may be more or less. 


d. PLATE-GRID RELATIONSHIPS. The exact 
quantitative relationship between changes in 
the control-grid voltage and changes in the 
plate voltage for equa! changes in plate current 
is dependent upon the individual tube type de- 
sign. This is a very important constant of every 
triode, and, for that matter, of every type of 
electron tube which uses more than two elec- 
trodes. It determines the suitability of a tube 
to meet a functional need. 


37. Summary of Control-grid Action 


a. PICTORIAL SUMMARY. A pictorial summary 
of the contro]-grid action associated with fig- 
ures 44 through 46 is shown in figure 47. Posi- 
tive and negative polarities and values of con- 
trol-grid voltage are pictured over a period of 
time in curves A and C. An imaginary switch 
mechanism in the grid circuit provides 0, +1, 
and —-1 volts at the control grid. The 1-voit 
positive and negative limits are arbitrary. The 
graphs of these voltage variations may assume 
the shape of a sine or a square wave, as shown 
in curves A and C. For purposes of easiest cor- 
relation with the resultant plate-current 
changes {curves B and D), each interval of 
grid-voitage level and poiarity is labeled. Cor- 
responding labels appear on the plate-current 
curve. 


b, CONCLUSIONS. The specific values of plate 
current shown in curves B and D are also arbi- 
trary, but for the sake of simplicity are made 
to conform with the values stated above during 
the description of the grid-voltage conditions. 
Correlating the plate-current changes in curve 
B with the grid-voitage changes in curve A 
shows that-— 


(1) When the grid voltage is held at zero 
potential (curve A, periods 1 to 2, 
5 to 6, and 9 to 10), the plate current 
is constant at a value determined only 
by the attractive force of the positive 
plate voltage. This current is repre- 
sented in curve B, periods 1’ to 2’, 6’ 
ta 6’, and 9’ to 10’. 


(2) A change in grid voltage from 0 toa 
positive I volt (curve A, 2to 3) results 
in an increase in the plate current 
(curve B, 2’ to 3’). 

(3) A change in grid voltage from 0 to a 
negative 1 volt (6 to 7) causes a de- 
crease in plate current (6’ te 7’). 


(4) Where the grid voltage assumes a 
steady positive l-volt value for a per~ 
iod of time (8 to 4), the plate current 
also remains constant (3’ te 4’) at the 
new value created by the positive 
voltage on the grid. 


(5) Where the grid voltage assumes a 
steady negative 1-volt value for a per- 
iod of time (7 te 8), the plate current 
also remains constant (7’ to 8’) at the 
new value created by the negative volt- 
age on the grid. 

The direction of change in grid volt- 
age has a definite relationship to the 
direction of change in plate current. 
As the grid voltage changes in the 
positive direction from 0 (2 to 3), the 
plate current increases (2’ to 8’). As 
the grid becomes less positive (4 to 5), 
the plate current decreases (4’ to 5’}. 
As the grid voltage increases in the 
negative direction (6 to 7}, the plate 
current decreases (6’ to 7’). As the 
grid becomes less negative (8 to 9}, 
the plate current increases (8 to 9}. 


The changes in plate current occur in 
step with the changes in grid voltage. 
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Figure 47. Curves showing relationships between grid voltage and plate current in triode. 


The maximum and minimum points of 
one occur at the same instant as the 
maximum and minimum of the other. 
This is commonly referred to as an in- 
phase condition. 


38. Additional Characteristics 


@, UNIDIRECTIONAL FLrow. Curves A and B 
warrant some additional discussion. The 
changes in grid voltage in each direction repre- 
sent a change in polarity relative to a 0 refer- 
ence voltage. However, the changes in plate 
current are not changes in polarity, but rather 
represent variations above and below a refer- 
ence value of current. The reference value of 
plate current in curve B is +20 ma, which cor- 
responds to the grid reference volt of 0 volt 
in curve A. Curve B shows that even when the 
plate current is at its lowest value (7’ to 8’), 
it still has a value greater than @ (-++10 ma). 
The polarity of the plate current always re- 
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mains positive. No other value is possible be- 
cause of the unidirectional current flow in the 
tube. The voltage applied to the grid makes 
the unidirectional plate current greater or 
smaller in value, in conformance with the in- 
stantaneous amplitude and polarity changes of 
the grid voltage. 


b. GRID-PLATE RELATIONSHIPS. Another per- 
tinent detail is that the plate-current grid-voit- 
age relationship is not dependent on sudden 
changes in grid voltage. The grid voltage can 
change slowly or very rapidly and the plate cur- 
rent will vary aceordingly. This is symbolized 
by the sine-wave voltages shown in curves C 
and D. In general, it can be said that the change 
in plate current usually has the same shape as 
the change in control-grid voltage. This is not 
a rigid rule; it is subject to numerous modifica- 
tions as dictated by the way in which the tube 
is used. Subsequent explanations will make this 
point clear. 


e. TRIODE OUTPUT. The final point to be made 
about a varying plate current in the plate cir- 
cuit of a triode is that it can be looked upon as 
a steady direct current to which is added an 
alternating-current component. This results in 
a current which has a unidirectional flow but 
which varies in value above and below a steady 
reference value. In curve C, 11 to 12 and 18 to 
19 are the steady (0 grid voltage) reference 
values. In curve D, 11’ to 12’ and 18’ to 19’ 
show the steady reference value of correspond- 
ing plate current, 20 ma. The a-c voitage ap- 
plied to the control grid (curve C, points 12 
through 18) momentarily increases the plate 
current to a maximum (curve D, points 13’ and 
17‘), 30 ma, and momentarily decreases it to a 
minimum (point 15’), 10 ma. This plate cur- 
rent can be described as a direct current of 
20 ma with an a-c component equal to 10 ma 
peak. 


39. Bias, Signal Voltage, and Plate Cur- 
rent 


a. GRID-CURRENT EFFECTS. It has been stated 
that a value of positive voltage on the control 
grid results in the presence of grid current be- 
tween the control grid and the cathode through 
the system external to the tube. This condition 
cannot be avoided, because the grid wires inter- 
cept electrons which are advancing toward the 
grid on their way to the plate. The positively 
charged grid attracts electrons into itself. Dis- 
regarding for the moment any applications 
which permit grid current, the presence of grid 
current normally is undesirable. It represents 
the consumption of power and other unwanted 
effects. 

b. BIAS AND SIGNAL VOLTAGES. The signal 
voltage normally applied to an electron-tube 
control grid is alternating in character; at least, 
it is a voltage which varies in amplitude and 
perhaps in polarity relative to the cathode. Dur- 
ing the time that it is negative with relation 
to the cathode, freedom from grid current is 
obvious, but when ‘it is positive, grid current 
is present unless some means are provided to 
keep the control grid at a negative potential 
during the positive portion of the input signal. 
The purpose of the negative control-grid dias 
is to establish this operating condition. Bias 
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may be defined as the d-c voltage between the 
grid and the cathode. It is represented by bat- 
tery C in figure 48. The total voltage existing 
between grid and cathode is the signal voltage 
plus the bias voltage. 


GRID- CATHODE 
VOLTAGE 


INPUT 
SIGNAL 
VOLTAGE 
(ALTERNATING) C 


a 
BIAS 
VOLTAGE | 


TM 662-57 
Figure 48. Bias and signal veltages of a triode. 


¢, BIAS-SIGNAL REPRESENTATIONS. 

(1) The association between the signal 
and the grid bias is illustrated in fiz- 
ure 49. Curve A represents an input 
a-c signal of 5 volts peak. It varies 
between +5 and —5 volts. In order 
to keep the control grid negative dur- 
ing the entire positive alternation of 
the input signal, the grid bias must 
equal, if not exceed, the peak value of 
the signal. Therefore, the control-grid 
bias is arbitrarily set at —6 volts, as 
in curve B, Since the grid is negative 
with relation to the 0-voltage refer- 
ence level, it is shown below the refer- 
ence voltage line. 

The resultant of the signal and con- 
trol-grid bias voltages at the control 
grid, instant by instant, is shown as 
curve C in the same illustration. Curve 
C is the addition of curves A and B. 
The fixed bias voltage sets up the ini- 
tial voltage relationship between the 
coutrol grid and the cathode. This is 
the no-signal condition as in curve B. 
It is represented by i to 2 and & to 9 
in curve A and I’ to 2’ and 8’ to 9’ in 
curve C. The times from 1 to 2 and 
8 to 9 in curve A represent the period 
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Figure 49. Waveshepes illustrating bias, signal voltage, 
and plate current. 


of 0 signal voltage, during which time 
the full —-6 volts of grid bias is active 
on the control grid, as shown in times 
Y’ to 2’ and 8’ to 9’ in curve C. 

(3) As the signal voltage starts rising in 
the positive direction (from 2 to 3), 
it bucks the fixed negative bias, and 
the control grid becomes less and less 
negative until, at the peak of the posi- 
tive alternation of the signal voltage 


(point 3}, the control grid is 4 volt 
negative with relation to the cathode, 
as shown by 3’ in curve C. As the sig- 
nal voltage decreases in positive am- 
plitude (from 3 to 4 in curve A), more 
and more of the bias voltage becomes 
predominant until point 4 is reached, 
which again corresponds to 0 signal 
voltage. The control grid again be- 
comes 6 volts negative with relation 
to the cathode, as shown by point 4’ 
on curve C. Examining the action dur- 
ing the positive half-cycle of the ap- 
plied signal voltage, points 2’ to 4’ in 
curve ©, it is evident that a 5-volt 
change in signal voltage in the posi- 
tive direction has taken place at the 
control grid, but the grid electrode 
remains negative throughout the half- 
cycle, 

(4) During the negative alternation of the 
signal voltage (points 4 to 6), the sig- 
nal and the fixed negative bias volt- 
ages add. The result is a change in 
voltage at the grid from —6 volts (4 
in curve C), to a maximum negative 
voltage of —-11 volts (5’) and then a 
return to —6 volts (6°) again. The 
control grid remains negative with re- 
lation to the cathode by an amount 
equal to the sum of the instantaneous 
signal voltage and the fixed grid bias. 

d. PLATE-CURRENT REPRESENTATIONS. The 
plate current varies in accordance with the in- 
stantaneous resultant of the signal and fixed 
bias voltages, as in curve D. Without a signal 
input, but with the bias applied, the plate cur- 
rent is of constant amplitude (10 to 11 and 17 
to 18} at 20 ma. When the signal voltage is 
applied, the plate current increases and de- 
creases above the no-signal value. 

é€. GENERAL. 

(1) It is interesting to note that curves 
C and D show changes in voltage and 
current, respectively; they are in step 
above and below the no-signal values, 
Each of these curves represents a com- 
bination of d-c and a-c components, 

(2) The grid bias may be referred to as 
being increased. This means that it 
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is a higher value of bias, making the 
contro] grid more negative with ref- 
erence to cathode. When reference is 
made to a reduction of bias, it means 
a lower value of voltage, or one which 
makes the control grid less negative. 


40. Characteristic Curves 


a. GENERAL, The relationships between the 
different voltages applied to the triode and the 
effects they have on the plate current are very 
important. As in the case of the diode, they 
are illustrated by means of characteristic 
curves, except that the curves which display 
the behavior of triodes are more numerous and 
present more varied information. 

b. TRIGDE CONSTANTS. The suitability of a 
triode or any other kind of electron tube for an 
application is determined by the constants of 
the tube. An understanding of the meaning of 
triode constants and the manner in which they 
are determined is pertinent to proper use of the 
tube. Accordingly, subsequent paragraphs are 
devoted to the subject. 


41, Triode Circuit Notations 


a. GENERAL NOTATIONS. Before explaining 
triode characteristics, it is necessary to refer 
briefly to the several triode circuit notations 
that will appear in the discussion. The elec- 
trodes of vacuum tubes are referred to by their 
common names, such as control grid, plate, fila- 
ment, and cathode, Voltages and currents re- 
lated to these electrodes also are treated in the 
same way: for example, plate voltage, plate- 
supply voltage, plate current, and control-grid 
voltage. 

b. LETTER NOTATIONS. Such long names can 
prove unwieldy in text or in illustrations, espe- 
cially when they need frequent repetition. To 
overcome this difficulty, it is common practice 
to assign letter notations to indicate certain 
voltages and currents under different operating 
conditions. A complete list of these appears in 
the appendix to this manual. Figure 50 i!lus- 
trates a simple triode circuit bearing several 
eircuit voltage and current notations which are 
used often. Only immediately pertinent nota- 
tions are shown: 
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(1) EH, = the plate-supply voltage, or the 
amount of B voltage. 

(2) e, — the instantaneous total plate volt- 
age. (In fig. 50, #,, equals e, because 
there is no plate load.) 

(3) 7, = the total steady plate current. 

(4) H#,, = the control-grid supply voltage, 
the C voltage, or the grid-bias voltage. 

(5) e, = the instantaneous total grid volt- 
age. (In fig. 50, #,, equals e, because 
there is no input signal.) 

(6) 7, =: the total steady grid current. 


P 
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Figure 50. Triode circuit bearing several voltage and 
current notations. 


c. OTHER NOTATIONS. Attention is called to 
the use of capital letters E and J for steady 
values of voltage and current and to the use of 
small e and ji for instantaneous values of volt- 
age and current. The conditions depicted in 
figure 50 do not involve instantaneous values 
of current, and therefore, the small letter 7 is 
absent. The subscript letters ¢ and 6 associate 
the voltage or the current with the tube elec- 
trodes. Only a few circuit notations are intro- 
duced at this time. More will follow as the sub- 
ject unfolds in this manual. 


42. Static Plate-current Grid-voltage 
Characteristics 


a. GENERAL, In view of the electrode organi- 
zation of the tricde, three basic factors control 
the plate current: the emitter temperature, the 
control-grid voltage, and the plate voltage. The 
first of these can be disregarded, for, unlece 


otherwise stated, it is general procedure in all 
vacuutn-tube operation to assume that the emit- 
ter is being operated at the required tempera- 
ture. Accordingly, it is necessary merely to stip- 
ulate the emitter temperature in terms of heater 
or filament voltage or current upon whatever 
tube characteristic is being illustrated. 


&. VARIABLE Facrors. This, then, leaves the 
control-grid voltage and the plate voltage as 
the two variable factors (causes) which con- 
tribute to variations in plate current (the ef. 
fect}. To treat two variables simultaneously 
with no constants is impossible; consequently, 
each of these is considered separately. The ef- 
fect on the plate current of a change in grid 
voltage is considered first; this characteristic 
is known as the plate-current grid-voltage char- 
acteristic. Plate voltage must be applied to the 
triode plate; therefore, the characteristic is de- 
veloped with a known and stipulated plate volt- 
age. If it is desired, individual plate-current 
grid-voltage characteristics can be developed 
for different values of plate voltage, Both kinds 
of characteristic graphs are treated in this 
manual). 

c. CONSTRUCTION OF CHARACTERISTIC. 

(1) The construction of a static plate-cur- 
rent grid-voltage characteristic is a 
relatively simpie procedure. Different 
values of grid voltage, starting at 0 
and advancing first in the positive di- 
rection and then in the negative direc- 
tion (or the reverse) are applied. The 
plate current flowing at each incre- 
ment of grid-voltage change is plotted 
on a suitable graph. If the changes are 
in steps of 1 volt, the final character- 
istic shows the plot of plate current 
over a range of grid voltages from zero 
to some negative limit, say —-6 volts, 
and from zero to some positive limit, 
say +6 volts (in 1-volt steps). The 
graph is laid out in the way described 
in paragraph 26. The known variable 
is considered to be the cause and is 
marked off along the abscissa or hori- 
zontal axis. The unknown variable, or 
effect, is marked off on the ordinate 
or vertical] axis (A of fig. 51). This is 
the static plate-current grid-voltage 


74 


(2) 


(3) 


characteristic for a tungsten filament 
emitter triode. 

The use of the word static in connec- 
tion with the characteristic means 
that the curve represents tube behav- 
ior under no-load conditions. The 
voltages applied to the electrodes are 
determined solely by the voltage 
sources, such as £,, and #,, in figures 
50 and B of 51. 

The vertical dividing line projecting 
upward from the 0-voltage point on 
the grid-voltage axis divides the plate 
current curve into two parts. The por- 
tion left of the 0-voltage dividing line 
shows the plate-current curve when 
the grid voltage is negative. The per- 
tion to the right of the 0-voltage line 
shows the plate-current curve when 
the grid voltage is positive. In alt 
cases, the value of plate current is in- 
dicated by the scale on the ordinate, 
or the vertica} axis. 


d. EXPLANATION OF CHARACTERISTIC. 


(1) 


(2) 


The circuit capable of producing the 
data contained in this graph is illus- 
trated in B of figure 51. Grid-voltage 
source £,, is so arranged that a vari- 
able voltage, either negative or posi- 
tive, can be tapped to the control grid. 
Au arbitrary choice limits the grid- 
voltage changes to a maximum of 
about 7 volts in a positive or negative 
direction. Appropriate voltmeters VM 
indicate the applied grid and plate 
voltages. The ammeter, AM, shows 
the plate current flowing in the system 
for each increment of grid voltage. 

Referring to the characteristic, it is 
seen that with the plate voltage fixed 
at a constant value, plate current starts 
flowing at about —6 volts on the grid. 
As the control grid is made less nega- 
tive by adjusting voltage supply Ex, 
the plate current increases, but in a 
nonlinear manner. From apyproxi- 
mately —-2.75 volts up to about ~—~.75 
volt, the plate-current rise is in direct 
proportion to the reduction in grid 
voltage. This is the linear part of the 
characteristic, or the straight portion. 
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Figure 51. Plate-current grid-voltage characteristic curve for a typical triode circuit. 


As the control-grid voltage approaches 
0 and passes into the positive grid- 
voltage region, the plate current con- 
tinues to increase, but again in non- 
linear manner. 

e. CONCLUSIONS. Several pertinent conclu- 
sions can be drawn from this plate-current grid- 
voltage characteristic. As the grid is made 
more and more positive, the plate current con- 


75 


tinues to increase until the rise in grid voltage 
produces no further increase in plate current. 
At this value of positive grid voltage, the piate- 
current curve flattens off. This occurs at ap- 
proximately point A, which usually is identi- 
fied as the plate-current saturation point. It is 
the value of plate current beyond which no fur- 
ther increase in plate current occurs as the grid 
is made more positive. 


jf. OTHER FACTORS. 

(1) Plate-current saturation is a peculi- 
arity of tungsten filament tubes. For 
any one emitter temperature, there 
occurs a fixed maximum emission, 
Plate saturation corresponds to that 
condition when, with the fixed amount 
of emission from the tungsten fila- 
ment, all the emitted electrons divide 
between the grid current and the plate 
current, and making the control grid 
more positive does not increase the 
plate current. 

Even this does not remain static. If 
the control grid is made sufficiently 
positive, it will reduce the plate cur- 
rent, as shown by the dotted-line curve 
beyond point A in figure 51. The fall 
in plate current is due to the emission 
of secondary electrons from the plate 
while under bombardment by the high- 
velocity electrons which comprise the 
plate current. These secondary elec- 
trons are attracted by the highly posi- 
tive grid. In a sense, electrons are 
moving in two directions across the 
area between the highly positive grid 
and the positively charged plate. The 
current flow to the plate consists of 
those electrons coming from the cath- 
ode which pass through the spaces be- 
tween the grid wires. The higher the 
positive voltage on the grid, the 
greater the velocity of these electrons, 
but fewer reach the plate because of 
the greater attracting force present 
at the grid wires. The other flow is 
from the plate to the grid inside the 
tube, these being the secondary elec- 
trons knocked out of the plate by the 
electrons which advance from the 
space charge to the plate. The net 
result is an over-all reduction of plate 
current. 

g. USING OXIDE-COATED EMITTER., 

(1) The plate-current grid-voltage char- 
acteristic for an oxide-coated emitter 
triode, curve ABC (fig. 52), warrants 
several comments. The absence of 
plate-current saturation is noted im- 
mediately. The oxide-coated emitter is 
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so profuse in electron output that even 
with a highly positive grid there re- 
mains an ample supply of electrons to 
cause plate current to flow. This means 
a continually increasing plate current 
as the grid is made more positive. 
Raising the piate voltage would have 
the same effect; that is, the plate cur- 
rent would continue to rise. In the 
figure, the plate voltage is held con- 
stant at 100 volts, 
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Figure $2. Plate-current pgrid-voltage characteristic 
curve for tricde using oride-coated emitter, 


(2} The shape of the characteristic in the 
negative grid-voltage region is very 
much like that for the tungsten emit- 
ter triode. This is to be expected be- 
cause the fundamenta! relationships 
between the tube electrodes are deter- 
mined only in part by the type of emit- 
ter. The grid voltage required for a 
constant plate current is seen to be 
much higher than for the tungsten 


emitter triode. This is incidental be- 
cause the specific value of grid voltage 
required to level off the plate current 
is determined by the characteristics 
of the tube. The important point is 
that every triode is subject to a con- 
stant plate current and finally cut off 
if the grid is made sufficiently nega- 
tive. 
hk. GRID-CURRENT EFFECTS. The plate-cur- 
rent grid-voltage characteristic of the oxide- 
coated emitter in figure 52 is seen to be sub- 
stantially linear in the positive grid-voltage 
zone. This does not imply that normal use of 
the tube is with grid current flowing. In some 
cases it is used in this manner, but in the ma- 
jority of instances the control grid is held at 
some negative d-c value. Whenever the grid is 
positive, power is consumed in the grid circuit, 
since the grid then draws current. If the source 
of grid voltage can compensate for the con- 
sumption of power, all well and good, but this 
type of operation is a specia] case, and not the 
usual. As will be seen later, grid-current flow 
is unusual in receiving system tubes, but it is 
common in tubes used in transmitters. 
t. SUMMARY. 

{1) The previous descriptions of tube be- 

havior have the one purpose of making 
clear the manner in which the various 
supply voltages acting on the space 
charge are translated into numbers 
to form a graph. 
Different voltages applied to the plate 
modify the shape of the characteristic 
curves shown in figures 51 and 52. Ail 
tube characteristic curves have linear 
and nonlinear portions, although not 
necessarily te the same degree. The 
cut-off voltages differ, but every plate- 
current curve displays the effect be- 
cause it is inherent in every vacuum 
tube, Finally, the meaning of plate- 
current change versus grid-voltage 
change has been illustrated in a way 
which leads to further explanations of 
tube behavior when plate voltages are 
increased or decreased. 
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43. Grid Family of Characteristic Curves 
a. GENERAL. A single plste-current grid- 


voltage characteristic curve furnishes import- 
ant information, but it is limited. A number 
of such curves shown on the same scale for 
different values of plate voltage give much more 
information concerning the effects of the differ- 
ent grid voltages on the plate current. Such 
curves plotted on a single graph comprise a 
family of characteristic curves, in this instance, 
the grid family. Another name used is static 
transfer characteristics. 


&. GRID FAMILY. As a rule, the grid family 
or static transfer characteristics do not involve 
the positive region of grid voltage. This is so 
because for most triode applications the grid is 
not driven positive. A direct comparison be- 
tween figures 51, 52, and 53 is, therefore, not 
possible, The first two represent arbitrary 
operating conditions and values, whereas figure 
58 treats a specific tube, the 635. The circuit 
used to develop the data shown in figure 53 is 
similar to that in B of figure 51, except that 


‘the plate voltage, E,,, is variable over a sub- 
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stantial range, 


c. OBTAINING GRID FAMILY OF CURVES. Each 
curve in figure 53 is identified by a specific 
value of applied plate voltage, and is, therefore, 
the resultant of the stated plate voltage and 
changes in grid voltage. The curve is formed 
by noting the plate current as the control-grid 
voltage is increased in the negative direction, 
beginning at 0 voltage. These points are joined 
and form a curve. The —18-volt bias limit is 
set by that range of plate voltages (100 to 300 
volts) considered within the performance capa- 
bilities of the tube. 


d. ANALYSIS OF CURVES. 


{1) A number of facts immediately be- 
come evident. There is a close sim- 
ilarity between the general contours 
of the characteristic curves. Each has 
a linear and a nonlinear part. More- 
over, each plate-current curve has a 
cut-off point (on the X-axis), and it 
is seen that as the plate voltage in- 
creases, the value of negative bias re- 
quired to cut off the plate current also 
increases. For example, —6.5 volts 
causes cut-off when the plate voltage is 
106 volts, whereas —12.6 volts is re- 
quired when the plate voltage is 200 
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Figure 3. Grid family of characteriatic curves for 6J5 triode. 
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(2} 


(3) 


(4) 


volts and —15.5 volts cuts off the plate 
current when the plate voltage is 250 
volts. 


The grid family also discloses an in- 
crease in plate current for an increase 
in plate volfage when the bias voltage 
is held constant. For example, a —-9- 
volt bias (point A} results in .l ma 
plate current with 150 volts applied 
to the plate, a 2.1-ma (point B) plate 
current at 200 volts on the plate, and 
a 6.55 ma (point C) plate current with 
250 volts applied to the plate. 


The amount of grid voltage required 
to offset a change in plate current 
when the plate voltage is changed can 
be determined from the grid family. 
This can be restated by saying that 
these curves indicate the required in- 
crease or decrease in bias in order that 
the plate current be held constant 
when the plate voltage is changed. For 
example, point D on the 100-volt plate- 
voltage curve corresponds to 8.5 ma 
with a negative bias of .8 volt. If the 
plate voltage is increased to 150 volts, 
and the plate current must be held at 
8.5 ma {point FE), the grid bias must 
be increased to —3.2 volts. This in- 
dicates that an increase of 50 volts in 
plate voltage is offset by an increase 
of 3.2 minus .8 or 2.4 volts bias. In 
similar fashion, points C and F, each 
representing 50-volt Increases in plate 
voltage, require an increase of 2.5 
volts in negative grid voltage in order 
that the charge in plate voltage be 
offset and the plate current remain 
constant at 6.55 ma. 


The curves work in the reverse direc- 
tion as well. They indicate the change 
in plate voltage required to offset a 
change in negative grid bias for con- 
stant plate currents. For example, 
assume a starting point G, represent- 
ing 100 volts on the plate and —2 
volts on the grid, and 5.5 ma of plate 
eurrent. If the bias is increased te 
—4.4 volts, what is the new value of 
plate voltage which will result in the 
same plate current of 5.5 ma? A ver- 
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tical projection from the —4.4-volt 
bias point intersects the 5.5-ma cur- 
rent projection along the 150-volt 
plate-voltage curve (point H}. This 
leads to the conclusion that a 4.4 
minus 2 or 2.4-volt increase fn negs- 
tive grid bias demands a 50-volt in- 
crease in plate voltage in order to 
hold the plate current constant. 

(5} Still more information is available 
from the grid family. This is seen be- 
tween points I-J and K-L along the 
250-volt characteristic. It shows that 
the change in plate current corre- 
sponding to a fixed change in bias volt- 
age (grid voltage) is a function of the 
operating region on the plate-current 
curve. Consider a 1-volt change, be- 
tween —12 and —13 volts {I-J) on 
the curve of E,, — 250 volts. The 
plate-current change is .84 ma, going 
from .86 to 1.7 ma. The same 1-volt 
grid-voltage change higher upon the 
curve from —7 to —8 volts (K-L) 
results in a change of 2.8 ma, going 
from 11.7 to 8.9 ma. 

(6) Examination of the plate-current 
curve where £,, = 300 volts discloses 
even a greater change in plate current 
for 1-volt changes in grid voltage. 
The opposite is true if #',, = 200 volta. 
This can be seen if the points, —7 ta 
—8 volts, are plotted on the plate- 
current curve of E,, — 200 volts. A 
change of 1.8 ma takes place, from 3.5 
to 5.3 ma. This value is 1 volt less than 
the previous value obtained at 2.8 ma 
when EF, was equal to 250 volts. This 
leads to the generalization that the 
higher the plate voltage applied to any 
one type of electron tube, the greater 
is the change in plate current for a 
given change in grid voltage. 

e. OPERATING POINT. The operating potnt 
along the plate-current grid-voltage curve de- 
serves some emphasis. This term should be un- 
derstood thoroughly because it is repeated fre. 
quently later. It is important to recognize the 
association between the location of the operat- 
ing region on the curve and the manner in 
which it determines the amount of change in 


plate current per unit change in grid voltage. 
Proportional changes occur only over the linear 
{straight} parts of the curve. The greatest 
change in plate current per unit change in grid 
voltage occurs along the straight, rather than 
the curved part of the characteristic. 


44, Static Plate-current Plate-voltage 
Characteristics 


a. OBTAINING PLATE FAMILY OF CURVES. 
Figure 54 shows a static plate family of charac- 
teristic curves obtained by using the same cir- 
cuit as that used in B of figure 51. In this fam- 
jly of characteristics, the grid voltage is varied 
in steps of 2 volts, and the plate-current meas- 
urements are made over a continuously variable 
range of plate voltages. For example, with the 
grid voltage at 0, or E,, = 0, the plate voltage 
is varied from 0 to approximately 135 volts, and 
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the plate current can be noted for this range. 
Joining the individual] plate-current points re- 
sults in the curve H,, — 0. The grid voltage 
then is increased to —2 volts, or F,. = —2, and 
the plate current again is noted for 2 new range 
of plate voltage, starting with that value which 
is just offset by the grid voltage—in this case 35 
volts—up te about 170 volts, These new points 
of plate current are joined and they form the 
second curve (Z#,, = —2). In every instance, 
the plate-current range shown for a particular 
fixed grid voltage starts at the point along the 
plate-voltage axis where the grid voltage causes 
plate-current cut-off. Each curve is drawn over 
a range of about 135 volts change in plate volt- 
age. 

b. USES OF CuRvES. In general, the grid fam- 
ily and the plate family furnish the same in- 
formation, except in somewhat different forms. 
Whereas the grid family displays the plate cur- 
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Figure 54. Plate family of characteristic curves for 6J5 triode, 
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rent for small increments of grid-voltage 
change and fixed differences in plate voltage, 
the plate family displays the effects of small 
increments of plate-voltage and fixed incre- 
ments of grid-voltage. These family graphs 
serve to present the relationship between the 
different triode-tube electrode voltages under 
static conditions. They alse lead to the mean- 
ing of tube constants or parameters, frequently 
described as tube rating data. Tube constants 
provide a means of comparing vacuum tubes 
and determining their suitability for specified 
functions. 


45. Tube Constants 


a. GENERAL. The behavior of the plate cur- 
rent in a triode (or in any vacuum tube which 
contains three or more electrodes), under the 
influence of different controi-grid and plate 
voltages, does not occur at randem. It is a 
function of the design of the tube—specifically, 
the geometric organization of the tube elec- 
trodes. Examples of these are the separation 
between the electrodes, the shape and dimen- 
sions of the electrodes, and other physical de- 
tails. It is these factors which determine the 
maximum voltages that can be applied to the 
electrodes, the maximum plate current permis- 
sible through the tube, the conditions for plate 
current cut-off, and other similar facts. All of 
these are expressed by a group of numbers re- 
ferred to as tube constants. 


b. NAMES OF CONSTANTS. Tube constants 
differ from tube characteristics. Whereas the 
characteristic is a graphical representation of 
tube behavior under the particular sef of condi- 
tions shown, the tube constants are individual 
humerica}) ratings predicated upon the geom- 
etry of the tube. Tubes possessing similar con- 
stants demonstrate similar relationships, al- 
though the specific values of grid voltage, plate 
voltage, and plate current necessary to make 
the tube perform properly may be different for 
the various tubes. The three primary tube con- 
stants are amplification factor, a-c plate resist- 
ance, and transconductance. Each of these will 
be explained. 


46. Amplification Factor 
@. DEFINITION. By definition, the amplifica- 
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tion factor or amplification constant is the ratio 
between a small change in plate voltage and a 
small change in grid voltage which results in 
the same change in plate current. It is an indi- 
cation of the effectiveness of the control-grid 
voltage relative to the plate voltage in control- 
ling the plate current. Expressed in a formula 
Amplification Small change in plate voltage 


factor ~ Small change in grid voltage 
or 


2= 46 (%, constant). 
Li 
The amplification factor is represented by the 
Greek letter », pronounced mu. The Greek Jet- 
ter A indicates a small change in. It is a pure 
number without any reference to units. For ex- 
ample, if a tube is said to have a » of 100, it 
means that the grid voltage change required to 
produce a certain change in plate current is 100 
times Jess than the plate voltage change re- 
quired to bring about the same change in plate 
current. In other words, the grid voltage is 
100 times more effective than the plate voltage 
in its influence upon the space charge and, con- 
sequently, on the plate current. To illustrate, 
suppose that a plate-current change of 1 ma is 
produced by a plate-voltage change of 10 volts, 
and a grid-voltage change of .1 volt produces 
a i-ma change in plate current. Then 
n— To — 100 
and the amplification factor is 100. Emphasis 
is placed on the fact that it is the change in 
plate voltage and the change in grid voltage 
that are important and not the individual val- 
ues of plate and grid, valtage. 
b, FINDING AMPLIFICATION FACTOR. 

(1) The amplification factor can be deter- 
mined by using either the grid or the 
plate family of curves. Using the grid 
family (fig. 55}, assume that it is de- 
sired to determine the » of the 6J5 
with 250 volts on its plate and —@ 
volts on its grid. This corresponds to 
point A in the figure. The first step 
is to locate, on the curve of E,) == 250 
volts, some convenient point along the 
straight part of the characteristic, 
such as point B. Next, project a line 
parallel to the X-axis from point B 
to the adjacent curve of F,, — 200 
volts, which is point C. From point 
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rent for small increments of grid-voltage 
change and fixed differences in plate voltage, 
the plate family displays the effects of small 
increments of plate-voltage and fixed incre- 
ments of grid-volfage. These family graphs 
serve to present the relationship between the 
different triode-tube electrode yoltages under 
static conditions. They also lead to the mean- 
ing of tube constants or parameters, frequently 
described as tube rating data. Tube constants 
provide a means of comparing vacuum tubes 
and determining their suitability for specified 
functions. 


45. Tube Constants 


a. GENERAL. The behavior of the plate ecur- 
rent in a triode (or in any vacuum tube which 
contains three or more electrodes), under the 
influence of different control-grid and plate 
voltages, does not occur at random. It is a 
function of the design of the tube-——specifically, 
the geometric organization of the tube elec- 
trodes. Examples of these are the separation 
between the electrodes, the shape and dimen- 
sions of the electrodes, and other physical de- 
tails. It is these factors which determine the 
maximum voltages that can be applied to the 
electrodes, the maximum plate current permis- 
sible through the tube, the conditions for plate 
eurrent cut-off, and other similar facts. All of 
these are expressed by a group of numbers re- 
ferred to as tube constants. 


b. NAMES OF CONSTANTS. Tube constants 
differ from tube characteristics. Whereas the 
characteristic is a graphical representation of 
tube behavior under the particular set of condi- 
tions shown, the tube constants are individual 
numerical ratings predicated upon the geom- 
etry of the tube. Tubes possessing similar con- 
stants demonstrate similar relationships, al- 
though the specific values of grid voltage, plate 
voltage, and plate current necessary to make 
the tube perform properly may be different for 
the various tubes. The three primary tube con- 
stants are amplification factor, a-c plate resist- 
ance, and transconductance. Each of these will 
be explained. 


46. Amplification Factor 
a. DEFINITION. By definition, the amplifica- 
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tion factor or amplification constant is the ratio 
between a small change in plate voltage and a 
small change in grid voltage which results in 
the same change in plate current. It is an indi- 
cation of the effectiveness of the control-grid 
voltage relative to the plate voltage in control- 
ling the plate current. Expressed in a formula 
Amplification _ Small change in plate voltage 


factor ~ Small change in grid voltage 
or 


pe= Ae, (i, constant). 
A @e 
The amplification factor is represented by the 
Greek letter x, pronounced mu. The Greek let- 
ter A indicates a small change in. It is a pure 
number without any reference to units. For ex- 
ample, if a tube is said to have a » of 100, it 
means that the grid voltage change required to 
produce a certain change in plate current is 100 
times less than the plate voltage change re- 
quired to bring about the same change in plate 
current. In other words, the grid voltage is 
100 times more effective than the plate voltage 
in its influence upon the space charge and, con- 
sequently, on the plate current. To illustrate, 
suppose that @ plate-current change of 1 ma is 
produced by a plate-voltage change of 10 volts, 
and a grid-voltage change of .1 volt produces 
a l.ma change in plate current. Then 
w— 10 _ 100 
and the amplification factor is 100. Emphasis 
is placed on the fact that it is the change in 
plate voltage and the change in grid voltage 
that are important and not the individual val- 
ues of plate and grid voltage. 
b. FENDING AMPLIFICATION FACTOR. 

(1) The amplification factor can be deter- 
mined by using either the grid or the 
plate family of curves. Using the grid 
family (fig. 55), assume that it is de- 
sired to determine the » of the 635 
with 250 volts on its plate and —8 
volts on ifs grid. This corresponds to 
point A im the figure. The first step 
is to locate, on the curve of E,, = 250 
volts, some convenient point along the 
straight part of the characteristic, 
such as point B. Next, project a line 
parallel to the X-axis from point B 
to the adjacent curve of Hy, = 200 
volts, which is point C. From point 
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(2) 


(3) 


C, project a line parallel to the Y-axis 
upward from the curve of £,, — 200 
volts until it intersects the curve of 
Ey» — 250 volts. This is point D. 
The plate current at D is 11.7 ma and 
at B it is 5.35 ma. Also, point D cor- 
responds to a negative grid voltage of 
7, and point B corresponds to a nega- 
tive grid voltage of 9.6 volts. Conse- 
quently, with.the plate veltage held 
constant at 250 volts and the grid 
voltage varying between points D and 
B-—that is, from 7 to 9.6 volts, or a 
total change of 2.6 volts—the plate 
current changes from 11.7 to 5.35 ma 
or 6.35 ma. As to the plate-voltage 
change required to produce this same 
plate-current change, this value is 
found by holding the negative grid 
voltage constant at 7 volts and chang- 
ing the plate voltage from D to ©, that 
is, from 250 to 200 volts. Again, the 
plate current changes from 11.7 ma 
to 5.85 ma, or 6.35 ma. 

A recapitulation of the action shows 
that a 50-volt change in plate voltage 
results in a plate-current change of 
6.35 ma, and a grid-voltage change of 
2.6 volts produces the same 6.35-ma 
change in plate current. This can be 
summarized as 


a A ey 
B A é 
The amplification factor or » of the 
tube is 19.2. This means that the grid 
voltage is 19.2 times more effective 
than the plate voltage in causing a 
change in plate current, This » of 19.2 
is only 4 percent less than the figure 
specified in the manufacturer’s litera- 
ture of the 6J5 triode. For all prac- 
tical purposes, the » of this triode can 
be considered as 20, since the 19.2 fig- 
ure will vary slightly anyway on the 
nonlinear portions of the curves. 


50 
=e = 19.20. 


nation of tube constants is accomplished more 
frequently by means of the plate family than 
the grid family because the latter is not shown 
too often in tube literature. A typical static 
plate family appears in figure 56. 


b. DETERMINING AMPLIFICATION FACTOR. 


(1) 


(2) 


(3) 


Developing the amplification constant 
of a triode from the plate family is a 
simple process. Select a grid-voltage 
value that is about halfway between 
the usable limits of the grid-voltage 
range shown on the graph. Referring 
to figure 56, —8 volts ts a satisfactory 
grid voltage. Locate a reference point 
about halfway down the straight por- 
tion of the plate-current curve for that 
grid voltage. This is point A. A hori- 
zontal projection parallel to the plate- 
voltage axis shows point A as being 
equal to 5 ma. A vertical projection 
downward to the plate-voltage scale 
shows A to be equal to 216 volts. Point 
A, therefore, corresponds to Z,, == —8 
volts, J, == 5 ma, and FZ, — 216 volts. 
Now, project point A parallel to the 
X-axis to an adjacent grid-bias curve. 
The direction of this projection is op- 
tional, In this instance, it is toward 
the higher value of negative grid bias. 
This is point B at E., = —10 volts. A 
vertical projection dropped to the 
plate-voltage axis intersects the 257- 
voit point. Point B can, therefore, be 
described as F., —= —10 volts, J, — 5 
ma, and Ey, = 257 volts. 

The next step is to project the higher 
plate-voltage point on the -—-8-volt 
curve; this results in point C. Point 
C corresponds to E,, == - -8 volts, 7, = 
9.6 ma, and £,, = 257 volts. The in- 
formation needed to calculate » has 
been obtained. With 216 volts on the 
plate (point A) to 257 volts on the 
plate (point C), a change in plate 
current from 5 to 9.6 ma takes place. 


47. Finding + from Plate Families With 257 volts on the plate, a change 


in grid voltage from —10 volts (point 
B) to —8 volts (point C) causes 2 
change in plate current from 5 to 9.6 


a, GENERAL. The amplification factor of a 
triode can be determined from the plate family 
of characteristics as well. Graphical determi- 
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Figure 56, Plate family of curves used to determine the amplification factor of 675 triode. 


ma. Therefore, the equation 


Aes 
A é€, 


257 — 216 
10-—-8 


a 205 


which is in substantial agreement with 
the data developed previously from 
the grid family. The constant deter- 
mined by means of the plate family is 
closer to the manufacturer’s data be- 
cause the increments of change are 
smaller. 


¢. CLASSES OF TRIODES. There are three gen- 
eral classes of triodes: low-n triodes, in which 
the amplification constant is less than 10; me- 
dium-» triodes, in which it is between 10 and 
30; and high-» triedes, in which the amplifica- 
tion factor is 100 or more. A type of tube 
known as the variable » possesses a changing » 
feature. 


$9 


48. Plate Resistance 


a. DETERMINING Rp. The plate resistance is 
another vacuum-tube constant. It describes the 
internal resistance of the tube or the opposition 
experienced by the electrons in advancing from 
the cathode to the plate. This constant is ex- 
pressed in two ways—the d-c resistance and the 
a-c resistance. The former is the internal oppo- 
sition to current flow when steady values of 
voltage are applied te the tube electrodes, and 
is determined by the simple application of 
Ohm’s law, 

E (volts) 


R (ohms) = Z (amperes} 


at any point on the plate-current characteristic. 
The voltage, E, is the d-c plate voltage or By, 
which equals ¢, in this case, and the current, Z, 
is the steady value of plate current of I, Re 
sistance R, then, is R,. 


5. CALCULATING Rp. Referring to the plate 


family in figure 57, point M is an arbitrary 
point corresponding to a plate voltage of F',, — 
250 volts, E.. «= —& volts, and the plate current 
I, — 89 ma. Applying Ohm’s law, 


R, — 250 


.0089 
= 28,100 ohms. 

For any value of plate voltage, the d-c resist- 
ance is determined by applying Ohm’s law, 
where the numerator is the steady voltage at 
the plate, e, = Ey, and the denominator is the 
corresponding steady plate current. Point N 
in figure 57, therefore, corresponds to a d-c re- 
sistance of 37,500 ohms, since Ey, = 225 volts 
and /, <= 6 me. Point 0 corresponds to a d-c re- 
sistance of 65,000 ohms. The various triangles 
in figure 57 can be neglected in establishing the 
d-c plate resistance; they are needed for finding 
the a-c plate resistance. 
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AC PLATE RESISTANCE 


{1) Finding the a-c plate resistance from 


the plate family in figure 57 is some- 
what more involved. The initial point 
Q on the curve marked F., <= —10 
as 5 corresponds to a plate voltage 
of 285 yolts and a plate current of 8 
ma. The d-c resistance using Ohm’s 
law is 33,100 ohms. The varying volt- 
age representing a change of plate 
voltage for a-c resistance determina- 
tion is obtained by varying the plate 
voltage above and below point Q. This 
operating range is shown by the smal! 
triangle drawn about Q. The total 
change in plate voltage is 20 volts, 
with the upper plate-voltage limit at 
295 volts and the lower limit at 275 
volts. The variations in plate voltage 
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Figure 57. Plate family of curves used to determine a-c and plate resistance of 6/5 triode. 
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are arbitrary. The intersections with 
the appropriate grid-voltage curve are 
Getermined by projecting the voltage 
lines upward from the plate-voltage 
axis until they intersect the grid-volt- 
age curve. 
The change in plate current, A 7;, is 
determined by projecting the points 
of intersection between the —-10-volt 
grid-voltage curve and the 295-volt 
and 275-volt plate-voltage lines, to- 
ward the left, to the plate-current 
axis. The upper and lower plate-cur- 
rent values are 9.4 ma and 7 ma, re- 
spectively. Consequently, the equa- 
tion for the a-c plate resistance at the 
initial point Q is 
295 — 275 20 
Tp) =i = 0094 — .007 —~ .007 =.= 8,333 ohms. 
(3) This value does not agree exactly with 
the manufacturer’s rating of 7,700 
ohms, but it is sufficiently close for ail 
practical purposes. As a matter of 
fact, the a-c plate resistance of a tube 
is a function of the operating point 
along the characteristic. This is 
shown by triangles M, N, and O in 
figure 57. Each represents a different 
operating point along the —8-volt 
grid-voltage curve. In each case, the 
plate voltage is changed by 10 volts 
each side of the operating point. For 
M, the 7, = 8,000 ohms, for N, 7, = 
10,000 ohms, and for 9, r, — 11,100 
ohms, 


d. CONCLUSIONS. A comparison of the oper- 
ating points discloses that the higher the ap- 
plied plate voltage, the lower is the a-c plate 
resistance. Likewise, a change of the negative 
grid voltage in the positive direction causes a 
‘ower plate resistance. This is indicated by 2 
comparison of the operating points M, N, O, 
and Q. In practice, one operating point is given, 
and the suitability of the tube is determined by 
the constants prevailing under the single set of 
conditions. As has been shown, each tube is 
eapable of operation over a number of operat- 
ing voltages, but only one of these is selected 
as being typical. 

é. OTHER NAMES FOR Rp. Reference to inter- 


(2) 


nal plate resistance invariably means a-c rather 
than d-c resistance. Sometimes the term plate 
impedance is used to express a-c plate resist- 
ance. The two have the same meaning. It is to 
be noted that the a-c term involves a small 
change in plate voltage and a small change in 
plate current, which are stated in an equation as 


pio Ae, (e, constant}. 

a te 
The d-c resistance value, on the other hand, is 
predicated on steady values of plate voltage 
and plate current. 


49. Transconductance (Mutual Conduc- 
tance) 


a. GENERAL. Changing the plate voltage or 
the grid voltage or both causes changes in plate 
current. There is a tube constant which ex- 
presses the specific change in plate current for 
a unit change in grid voltage, with the plate 
voltage held constant. This constant is known 
as the transconductance or mutual conductance. 
The former term has become the common stand- 
ard. 

b. DEFINITION. 

(i) By definition, transconductance is the 
ratio of the change in plate current to 
the change in grid voltage which pro- 
duced it, with the plate voltage held 
constant. In equation form, it is 

At 


on = (e, constant}. 

When related to the plate and grid 
circuits, the precise notation for trans- 
conductance is g,,, but it has become 
common practice to refer to it by the 
letters g,. When given 2 quantitative 
interpretation, transconductance is 
the milliampere change in plate-cur- 
rent-per-volt change in grid voltage. 

¢. NUMERICAL EXAMPLE. The unit of trans- 
conductance is the mko (ohm spelled back- 
ward), but since its value generally is too large 
for common usage in connection with vacuum 
tubes, the micromho, or the millionth part of 
the mho, is the usual reference. A mho corre- 
sponds to 1 pa {microampere) change in plate’ 
current for a 1-voli change in grid voltage, or 
1 mho = 1,000,000 umho (micromhos). Con- 
version from mho to micromhos is accomplished 


(2 


ae 
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by multiplying the quantity expressed in mhos 
by 1,000,000. An electron tube which operates 
so that a 1-volt change in its grid voltage re- 
sults in a i-ma change in plate current is rated 
at a transconductance of 1,000 umho. Because 
of the single meaning, it has become customary 
to drop the word micromhos and to say simply 
that a tube such as that stated above has a 
transconductance of 1,000. 


ad. DETERMINING Gy GRAPHICALLY (fig. 58). 
Plate families of characteristic curves generally 
are more available than grid families. There- 
fore, it is desirable to know how to determine 
the transconductance of a tube from them. Since 
by definition the transconductance requires that 
the grid voltage be varied and the plate voltage 
remain constant, first select a point on a grid. 
bias curve which, when projected upward or 
downward vertically along a constant plate- 
voltage line, will intersect the adjacent grid- 
voltage curve. This is the initial point A, repre- 
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senting 236 volts on the plate and —8 volts on 
the grid. The plate current is 7.1 ma. A verti- 
cal-projection from point A to the adjacent grid- 
voltage curve intersects the —6-volt curve and 
produces point B. The corresponding plate cur- 
rent is 12 ma and the plate voltage remains at 
235 volts. The change in grid voltage occurs 
with the plate voltage constant. Substituting 
the plate-current and grid-voltage values in the 
equation, the transconductance is found to be 
fae t% 012 —.0071 oe 
Im <i. 8 = .00245 mho 
r 2,450 ae 

Translated into plate caresne change per 1-volt 
change on the grid, it amounts to 2.45 ma per 
volt, The abbreviation ma/v commonly is used 
in place of the words milliamperes per volt to 
express transconductance. Note how near this 
9x, Value is to 2,600 which is given by the tuhe 
manufacturer. The slight discrepancy is due 
to the nonlinearity of the #,, curves. 
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Figure 58. Plate family of eurves used to determine transconductance of 635 triode, 
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é€. EVALUATION OF Gy. The transconductance 
of 2 tube is an important tube constant. It is 
the most commonly used of all the constants 
when comparing tubes of like kind. A tube with 
a transconductance of 2,000 is a better tube 
than one rated at a transconductance of 1,000. 
The tube with the higher transconductance is 
capable of furnishing greater signal output 
than the tube with the lower transconductance, 
assuming like levels of signal voltage ap- 
plied to the grid and like arrangements in the 
piate circuit. 
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50. Relation between #, Re, and gx 


a, GENERAL. The three triode tube con- 
stants—namely, amplification constant, », the 
a-c plate resistance, r,, and the transconduct- 
ance, 9,,—are interrelated. The operating volt- 
ages applied to each type of tube determine the 
exact value of each constant, and for any one 
set of operating potentials to the electrodes each 
tube bears these three ratings. They vary in 
magnitude relative to each other in a definite 
manner. These data are illustrated in figure 
59 for the 6J5, 


TRANSCONDUCTANCE, 9m{u mho) 


iO 12 ih] 


Figure 59. Curves showing relationships between p, gm, 2nd 1, 
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b, PLOTTING CONSTANTS. All three con- 
stants have individual Y-axis scales. As 2 ref- 
erence, the plate current axis (X-axis) is com- 
mon to all. When reading the values indicated 
upon the graph, the plate-resistance, r, scale is 
shown on the lower left-hand Y-axis; the trans- 
conductance, g,, appears on the right-hand Y- 
axis, and the amplification constant, », is on the 
upper vertical left-hand Y-axis. 

c, GENERAL RELATIONSHIPS. 

(1) Concerning the relationship between 
the constants, the amplification factor 
remains substantially constant under 
virtually all conditions. Being a prop- 
erty of the physical geometry of the 
tube, it varies little with changes in 
the operating voltages applied to the 
grid and the plate. 

Plate resistance, r,, on the other hand, 
varies greatly with operating voltages, 
especially through the repion of poten- 
tials which result in low values of 
plate current. This occurs at high 
negative grid bias or. low plate voltage, 
or both. It is significant that increas- 
ing the physical separation between 
grid and plate in a triode results in a 
high amplification factor, also in a 
high a-c plate resistance. Usually, 
therefore, although not invariably, the 
higher the amplification constant of a 
triode, the higher the a-c plate resist- 
ance of that tube. 
As to the transconductance, it is seen 
to vary oppositely to a-c plate resist- 
ance; given any tube, the higher the 
plate resistance, the lower the g,,, and 
vice versa. All triodes with high trans- 
conductance ratings have low a-c plate 
resistance. 
d. MATHEMATICAL RELATIONSHIPS. 

(1) Following is the mathematical re- 

lationship that exists between the 
three constants. Since, 


(2 


—_ 


(3 


— 


Aes 
je, 
Ae, 
A ty 
transconductance (g,,) = At 

° Ae 


amplification constant () = 


a-c plate resistance (7r,) = 
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and the term A 7, appears in both the 
r, and g,, formulas, they can be made 
equal to each other; that is, 


A ty = Om X Oy = pee, 
% 
resulting in 
é 
Ty x $n = Re. 
Ae, 
But p = me also; therefore, the 


produet of the a-c plate resistance and 
the transconductance is equal to the 
amplification constant. That is, » = 7, 
times g,, or, by simple transformation, 
%, = B/Ym aNd On = 2/T,. 

Substituting the values for 7, and gn 
that were previously obtained, by us- 
ing r, = 8,333 ohms and g, = 2,450 
umho, » can be calculated as follows: 


(2 


~~ 


== To X Im 
= 8,333 x .00245 — 20.4 

which is in substantial agreement with 
the original value of 20.5. The accu- 
racy of the constants varies because 
they are not read to the same decimals 
on each of the graphs, nor at exactly 
the same point. The a-c plate resist- 
ance is 


= 8,360 ohms 


== ,00246 mho. 


é. DISCREPANCIES PRESENT. The diserepan- 
cies present in the r, and g,, values stem from 
the degree of accuracy present on the graphs. 
Errors of a few percent are unimportant and 
do not cause any complication. Moreover, the 
purpose of these calculations is to show how in- 
formation contained in tube literature can be 
used for the development of unknowns, rather 
than to attempt to verify the information ob- 
tained from the graphs. 


f. PURPOSE OF CONSTANTS. With reference 
to the constants of the triode, it is timely to say 
that these coefficients of tube behavior are not 
restricted to the triode only. They apply to all 
electron tubes which contain three or more elec- 
trodes. The 6J5 tube discussed in this chapter 
is just one example. Other triodes can have the 
same values of », 7p, and gn, whereas some tubes 
may differ substantially. The important points 
to remember are that tube constants are a 
means of comparing tubes of like type; also, 
that they serve in selecting tubes to fit specific 
needs. 


51. Dynamic Characteristics of Triode 


a. GENERAL. 


(1) The static characteristic of an electron 
tube provides an understanding of 
how it operates. For the information 
to have practical value, it must be 
translated into data which are related 
directly to an application. 

(2) This requirement alters the funda- 
Mental circuit of the triode system, 
and in doing so, pives rise to a new set 
of characteristics. These are called 
dynamic characteristics. In the final 
analysis, they are the important ones 
rather than the static characteristics. 
The latter are used as a means for 
creating the familiarity necessary for 
comprehension of the behavior of the 
triode (and other electron tubes) as 
used in actual practice. All other ex- 
ploration of how an electron tube 
works is done by means of the dyna- 
mic characteristics. 


b. LoaD RESISTOR. 


(1} The difference between an electron- 
tube system which allows determina- 
tion of the static characteristics and 
a system which allows determination 
of the dynamic characteristics is not 
too great. In fact, it is a relatively 
minor change physically, although it 
is a major change relative to the ac- 
tions occurring in its circuity. The dy- 
namic characteristics can be described 
as a graphic portrayal of tube behav- 
ior under load (fig. 60). A shows the 


basic triode circuit containing a load 
and, for comparison, the basic triode 
circuit without a load is shown in B. 
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Figure 60. Basie circuit of triode with and without lead. 


(2) One difference will be noted in these 
two basic circuits. In A, the presence 
of the resistor, #,, is designated as the 
load resistance. It is lecated in the 
Plate circuit external of the tube. H 
is in series electrically with the plate- 
voltage supply, E.,, and the plate of 
the tube; consequently, the plate cur- 
rent must pass through #,. This action 
greatly modifies the operating charac- 
teristics of the tube. It does nat alter 
the three basic constants of the tube, 
but it does affect the plate-current 
grid-voltage characteristics, 

c. USE or Loap Resistor. From a practical 
viewpoint, the circuit in A contains the essential 
elements for practical use of the triode. For an 
electron tube to be usable for any purpose what- 
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soever, it requires a load. The variations In 
plate current caused by a varying voltage ap- 
plied to the control grid appear across the load 
as a varying voltage drop. Under proper condi- 
tions of use, the changing voltage across the 
load is the output signal. It is a replica, smaller 
or greater, 4s the case may be, of the varying 
voltage applied to the control grid. 

d. Loap CurRENT. The plate circuit contains 
several new terms, since a new action is de- 
scribed. To understand these new terms, it is 
imperative to note the plate resistor and its 
location. Load resistor #, is directly in the path 
of plate current 7,. The movement of electrons 
comprising the plate current must be through 
this resistor, because the complete plate-cur- 
rent circuit is from cathode to the plate inside 
the tube, and, on the outside of the tube, through 
resistor R, to the positive terminal of the bat- 
tery, Ey, and from the negative terminal of 
£,, to the cathode. 


e. CIRCUIT VOLTAGES. 
{1) Under these circumstances, two volt- 
age drops occur in the plate circuit. 
One of these is across the internal re- 


sistance of the tube, or 147,, and the 


other is the drop across #,, ‘or i,/?,. 
This leads to three voltages being pres- 
ent in the plate circuit: E,, — the 
voltage available from the plate-volt- 
age supply; e, — the instantaneous 
voltage available from plate to cath- 
ode. This voltage is the difference be- 
tween supply voitage E,, and the volt- 
age drop across load FR,, or @, = Ey 
minus 7,2,. Whether e, 1s instantan- 
ecus or steady is determined by the 
character of the plate current, which 
relates back to the grid voltage; ep: 
(the voltage drop across the load re- 
sistor R,) = i,R,. 

In A of figure 60, assume that the 
grid voltage, F.., is adjusted to such 
a high negative value as to cut off 
plate current i,. In that event, volt- 
age e, across the internal resistance of 
the tube (between plate and cathode} 
is the same as the plate-supply voltage, 
or ¢, — E,, — 360 volts, shown in B. 
This is true because with the plate cur- 
rent cut off there is no voltage drop 


(2) 
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(3) 


(4 


(6 


) 


— 


across R,. The internal plate resist 
ance is infinite and the finite value of 
26,000 ohms in series with an infinite 
resistance has no significance whe 
this action occurs. 


Now assume that the control-grid 
voltage is changed so that Ll ma of cur- 
rent flows in the plate circuit, or 7, = 
.001 ampere. Supply voltage Ey, is 
constant at 350 volts, at which value 
it remains regardless of the amount of 
plate current that flows. With .O0L 
ampere of plate current, the voltage 
drop across /?; is 
iA; — .00L x 25,000 

-— 25 volts. 
Since the voltage between the plate 
and cathode or the voltage drop across 
the internal resistance of tube +, is 
the difference between the supply volt- 
age and the voltage drop across Fz, 

€p = Ey, — i,R,. 

= 350 ~-- 25 

—3265 volts. 
Apparently most of the voltage drop 
takes place across the internal plate 
resistance, which now is finite since 
plate current flows. The voltage from 
plate to ground is high and the voltage 
across the load is relatively low. 


Now assume a change in grid voltage 
which causes the flow of 12 ma of plate 
current. By Ohm's law the voltage 
drop across the Joad is 
ery = tlt, em 012 Xx 25,000 
=—=300 volts 
and voltage e, at the plate, or across 
the internal resistance of the electron 
tube, is 
ym E'yy — tpl? 
— 350 —- 300 
— 50 volts. 
During such cperating conditions, 
most of the voltage drop occurs across 
load FR, and very little drop appears 
across the internal plate resistance of 
the tube; that is, the voltage from 
plate to cathode is relatively low. 
Bearing in mind that the plate-supply 
voltage, E,,, is always constant at 350 
volts, and that the change in plate cur- 


rent is a function of the control-grid 
voltage, it is possible to imagine such 
an increase in plate current that all 
of the voltage drop in the plate circuit 
occurs across load R,. If this occurs, 
the distribution of voltages in the plate 
circuit would be such that veltage e, 
would be 0. This is an extreme condi- 
tion and cannot occur in actual prac- 
tice. The plate current may rise suffi- 
ciently that the effective voltage be- 
tween plate and cathode is very low 
but never 0, since a drop always ap- 
pears across 7,, even though it may 
be considered negligible. 


f. EFFECT OF LoaD R&SISTOR. All of these 
changes in effective plate voltage e, result from 
the presence of load resistor R,;. The moment 
plate current flows, regardless of its value, the 
load resistance comes into play and affects the 
effective plate voltage. The load resistance re- 
duces the effective plate voltage under all con- 
ditions of plate current except 0. This means 
that with a load present in the plate circuit, 
the actual change in plate current for a change 
in grid voltage is much less than it would be if 
load Ry, were not present. This becomes evi- 
dent upon consideration of the reduction in 
effective plate voltage simply because of the 
presence of a voltage drop across load Rz as 
soon as current flows. 


g. DIFFERENCE BETWEEN CHARACTERISTICS. 
The relationship between grid voltages and 


plate current with the load present is called the. 


dynamic characteristic. It differs from the sta- 
tic characteristic because the effective plate 
voltage, €, is not equal to the plate-supply 
voltage, Z,,, when plate current flows, as with 
static characteristics. 


52. Load Line 


a. GENERAL. 


(1) The effect of the load applied to a tri- 
ode (and other electron tubes) can be 
predicted in advance. This usually is 
accomplished by adding to the static 
plate family of characteristic curves 
(fig. 54) a graphical representation 
of the load, known as the load line. 
This shows the distribution of the out- 


put of plate-voltage supply Hy, be- 
tween the load and the internal re- 
sistance of the tube under different 
conditions of plate current. 


(2) For convenience, the plate family of 
characteristic curves is used for the 
dynamic characteristics. From it is 
developed the final transfer charac- 
teristic curve which correlates the 
plate-current grid-voltage relationship 
with the load present in the circuit. 
This curve is called the dynamic trans- 
fer characteristic. It is to be noted, 
however, that equa! information can 
be obtained from the dynamic plate 
characteristic and from the dynamic 
transfer characteristic. 


&. SELECTING LOAD LINE. 


(1) Figure 61, showing a typical static 
plate family of curves, is the same as 
figure 54, except for the diagonal line 
XY, the load line. The load line cor- 
responds to a load #, of 25,000 ohms 
(A of fig. 60). The selection of 25,000 
ohms is arbitrary. It can be a higher 
or a lower value, except that there are 
limits to the ohmic values of loads rela- 
tive to the internal plate resistance 
of a tube, and also because of the fixed 
value of the applied plate voltage. 
These statements will be clarified later 
in discussions of voltage and power 
amplification. , 

(2) No connection exists between load 
line XY (fig. 61) and the static plate 
family. The load line has no fixed as— 
sociation with tube constants or char- 
acteristics. It is simply a means of 
developing information concerning the 
behavior of any tube that is used with 
a certain load. The load may be cor- 
rect, or it may not be right for the 
tube. This information appears on the 
graph when the effects of the load are 
studied by means of the load line. 

c. DISCUSSION OF LoaD LINE. 

(1) The full length of the line represents 
one extreme condition — namely, a 
voltage drop across R; equal to the 
full plate-aupply voltage. This means 
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Figure 61. Plate family of characteristic curves for 6J5 triode, including load line. 


that e, — © and the plate current 
equals the full plate-supply voltage 
divided by the load resistor or 


= .014 ampere 

ws 14 ma. 
This figure establishes one terminal of 
the load line—-14 ma on the plate-cur- 
rent axis, point X. The other terminal 
of the load line corresponds to the 
other extreme condition: that is, zero 
plate current and the full plate-supply 
voltage of 350 volts on the plate of the 
tube. This is point Y on the plate- 
voltage axis. 


(2) Further reference to figure 61 dis- 


closes that the load line intersects the 
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plate-current curves at different 
points. To establish the distribution 
of voltages between the tube and the 
load, an operating point must be se- 
lected. Assume that the grid voltage 
chosen for examination is —6 velts, 
or E,, = —§. The load line crosses 
the plate-current curve for this bias at 
point P. A horizontal line drawn to 
the plate-current scale shows that the 
corresponding plate current is 6.35 ma. 
A vertical line dropped from point P 
to the plate-voltage axis intersects it 
at 190 volts. Therefore, point P can 
be described as 

E., == —S6 volts 

By = 199 —_ 

ty == 6.35 ma 

The vertical, Projection ‘i the plate- 


(3) 


(1) 


voltage axis indicates the division of 
the plate-supply voltage across the 
load and across the internal resistance 
of the tube. The point of intersection 
between the horizontal projection to 
the plate-voltage scale and the axis in- 
dicates the voltage—190 volts—effec- 
tive at the plate. The difference be- 
tween this value and the tota! plate- 
supply voltage is the voltage dropped 
across the load, or 350 minus 190 = 
160 volts. Further to verify this last 
statement, the voltage drop across the 
Joad resistor can be computed as fol- 
lows 
Cx, = 

vO 
The voltage on the plate and the voit- 
age dropped across the ioad, for var- 
ious values of grid voltage, can be 
determined in similar fashion. For 
example, point M, corresponding to 0 
voltage on the control grid or £,, == 0, 
can be described as 


i,k, = .00635 « 25,000 — 160 
Its. 


E.. = —0 volt 
Z, = 10.1 ma 
€, — 97 volts 


€p, = 253 volts 

Ey, = 350 volts. 
Having selected E,, — —-6 volts as the 
operating point and FE, — 0 volts as 
one extreme, the other extreme can be 
6 volts in the other direction, or #,, = 
—12 volts. This is point S and can 
be described as 


Ei. == —-12 volts 
2, == 3.1 ma 
€, = 272 volts 
€rx, = 78 volts 
E yy = 350 volts. 


d. SUMMARY AND CONCLUSIONS. 


The three points of intersection, M, 
P, and §, establish a number of oper- 
ating factors. For instance, E,, — —6 
was selected as the reference operat- 
ing point. Then an extreme condition, 

ce = 0 volts, was selected as one limit 
of change in grid voltage. The second 
limit of change in grid voltage was set 
as E., = —12 volts. How have these 
changes affected the plate circuit? The 


Ez. 


answer is given in the tabulation which 
follows. 


oo = OY E,,=—-SY Z,,=—iW2e 
ft = 10.1ma i, = 6.35 ma i = 3.1 ma 
é—97¥ és = 190 v @& — 2724 
€z1 — 253 Vv ez, = 160 v és — 789 

(2) From the data available in the preced- 


At plate from 190 — $7 = 


Across load from 253 — 
166 — 93 v 


169 


Change from E,, = 0 to 
z,,=—6¥ 


93 ¥ 


(3) 


ing tabulation, other factors can be 
determined as shown below: 


Change from £,, = —é to 
E..=—l2¥ 


At plate from 272 — 190 
= 82v 

Across load from 160 — 
78 — 82¥ 


As shown in the preceding tabulaticn, 
the change in plate voltage e, is not 
the same for equal changes in grid 
voltage. That is, making the grid less 
negative by 6 volts (going from —6 
to 0} causes a fall in the effective plate 
voltage by 93 volts. However, when 
the grid was made more negative by 
6 volts (going from —6 to —12), the 
effective plate voltage increases by 
only 82 volts. Under ideal conditions 
(such 2s having perfectly linear char- 
acteristic curves), the rise and fall in 
voltage at the plate would be the same 
in both directions. It is not the same 
in this case because of the curvature 
in the plate-current characteristics 
over the range of grid voltages be- 
tween —6 and —12 volts. The curva- 
ture reduces the change in plate cur- 
rent per increment of increase in neg- 
ative grid voltage beyond approxi- 
mately —8 volts, where the curvature 
is more predominant. This situation 
introduces another subject for discus- 
sion—namely, linearity of the result- 
ant characteristic — but this is set 
aside for later discussion. 

Another pertinent fact is that the total 
change in voltage at the plate always 


is equal to the change in voltage across 
the load. This is shown in the tabu- 
lation in (2) above. A 93-volt change 
in é, is equaled by a 93-voit change in 
€zr When the grid voltage is varied 
from —6 volts to 0 volt. An 82-volt 
change in e, is equaled by an 82-volt 
change in ég, when the grid voltage is 
increased from —-6 to —12 volts. 
e. CHANGES IN GRID VOLTAGE. 

(1) This is an appropriate time to inject 
another view of the change in voltage 
drop across the load. Assuming a slow 
manual means for changing the grid 
voltage, the changes in plate voltage 
as well as the changes in voltage drop 
across the load 2; would occur at the 
same rate. Regardless of how slowly 
or rapidly this takes place, the fact 
remains that it is a swing in voltage. 
In one direction the peak amplitude 
is 98 volts and in the other direction 
it is 82 volts. This change in voltage 
frequently is described as the swing 
in voltage, and is referred to as the 
peak value expressed in volts. 

(2) A single expression of the peak value 
does not suffice for the example under 
discussion because of the nonlinear 
changes above and below the reference 
—6-volt grid voltage. The expression 
swing in voltage is usable, neverthe- 
less, except that two peak values must 
be mentioned, a positive and a nega- 
tive value. A single peak reference is 
usable when the changes are in only 
one direction. 


53. Dynamic Transfer Characteristic 


a. The load line shown on a static plate fam- 
ily tells a great deal, but not as conveniently as 
does another organization of characteristics. 
This is the static family of plate-current grid- 
voltage curves to which is added the effects of 
the load. The resultant plate-current grid-volt- 
age curve is known as the dynamic transfer 
characteristic (fig. 62). It has become common 
practice, when studying the behavior of the 
plate current under the infiuence of-a signal 
voltage applied to the grid, to show the dynamic 
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transfer characteristic and to plot the input sig- 
nal and the resultant plate current along this 
characteristic. 


b. In figure 62, A repeats the static grid 
family illustrated in figure 58, and B shows the 
25,000-ohm load line on the static plate family. 
The latter will be projected on the former to 
show the plate-current grid-voltage curve which 
represents the plate current corresponding to 
certain grid voltages and the effect of the load 
in creating the effective plate voltages. 

ce. The two families of curves have three at- 
tributes in common: a common plate-current 
axis, like values of control-grid voltage, and 
like values of plate-supply voltage, although 
the last two named are illustrated differently. 
In order to project the effect of the Joad line in 
B on the static grid family in A of figure 62, it 
is necessary to plot, on the latter graph, the 
plate-current values for each value of grid volt- 
age shown on the plate family. 

d. This is done in the following manner. 
Point M, in B of figure 62, corresponds to F,, = 
0 and 10.1 ma. This locates point M’ on the 
e, = 0 grid-voltage line at the 10.1-ma point. 
Point N on the plate-family graph corresponds 
to F., = —2 volts and 8.3 ma and this locates 
point N’ on the intersection of the appropriate 
plate-currenmt and grid-voltage projections on 
the grid-family graph. In similar fashion, points 
O, P, Q, R, S, T, U, and V on the plate family 
are transferred to the grid family. When these 
points are formed, the result is the character- 
istic curve M’, N’, 0”, P’, Q’, R’, 8’, TY, U’, V’. 
This is the dynamic transfer characteristic. 

é. The dynamic transfer characteristic is 
seen to differ substantially from the static char- 
acteristic, It is much less steep and shows that 
a change in grid voltage results in a smaller 
change in plate current than does any static 
characteristic. This is not a disadvantage, al- 
though it may appear so at first glance, because 
the change in plate current for a given change 
in grid voltage on both sides of a reference 
point is much more linear with the load present 
than with the load absent. 

f. For example, if the reference point is 0’, 
which corresponds to —4 volts on the grid and 
7.6 ma plate current, a change in grid voltage 
to —2 volts and then to —6 volts results in 
8.9 and $.4 ma of plate current. This is an 
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Figure 62, Plate and grid families of 635 which are used to construct dynamic tranfer characteristic. 


increase of 1.3 ma in the positive direction and 
1.2 ma in the negative direction. The swing 
in plate current is not linear, but the degree of 
nonlinearity is less than 8 percent even with 
the limited accuracy which is possible in graphs 
of this kind. 


g. A corresponding point of operation along 
a static characteristic without any load is se- 
lected on the 150-volt curve. With —4 volts 
applied to the grid, the plate current is 6.4 ma. 
With the grid reduced to -—2 volts, the plate 
current rises fo 12 ma, a change of 5.6 ma. 
With the grid voltage changed to —6 volts, the 
plate current drops to 2.6 ma, a change of 3.8 
mma. Nonlinearity between the positive and neg- 
ative changes amounts to approximately 30 
percent. Nonlinearity in electron tube behavior 
is a source of distortion and highly undesir- 
able. Some value of distortion can be tolerated, 
but it always must be kept within the bounds 
permitted by the function of the system wherein 


the tube is being used. Too much distortion can 
destroy the usefulness of a complete system. 

kh. The dynamic transfer characteristic in A 
of figure 62 is seen to have some curvature. It 
js greater between approximately e, —~10.5 
volts and e, — —18 volts than between e, = 0 
volts and e, = —10.5 volts. Since linearity of 
plate-current changes is a general requirement, 
examination of the dynamic transfer character- 
istic discloses the range of grid voltages over 
which linearity in plate-current changes is 
available. 


54. Effect of Different Loads 


a. Before showing how the dynamic transfer 
characteristic is used with a simple triode 
amplifier system, it is necessary to dwell briefly 
on the subject of different loads. It was said 
that the selection of 25,000 ohms for 6J5 triede 
operated at a supply voltage of 350 volts was 
arbitrary when used in the circuit of figure 62. 
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It was seen also that the presence of a finite 
load produced a dynamic transfer character- 
istic which had some curvature or nonlinearity, 
although it was an improvement over the static 
plate-current grid-voltage without any load. 

é. As apparent from the statements above 
and shown in figure 63, the higher the ohmic 
value of the load, the straighter should be the 
dynamie transfer characteristic. As the ohmic 
value of the load is increased, the over-all char- 
acteristic approaches a straight line; that is, 
it becomes more and more linear throughout its 
length. This can be seen by comparing char- 
acteristics A, B, C, and D, The curve for Ry = 
100,000 ohms is substantially straight for al- 
most its fult length, whereas the curve for 2; «= 
25,000 ohms is straight for only a small portion, 
and that for R, = 15,000 ohms is straight for 
even 2 smaller segment of the characteristic. 
The reason for this behavior is that the higher 
the load resistance (within a reasonable value 
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of ohms), the greater the effect of the load in 
determining the plate current per unit of change 
in grid voltage and plate voltage rather than 
the change in internal plate resistance. With 
infinite load, the characteristic would be along 
the © plate-current line, because changes in grid 
voltage would have no effect on the circuit. 


55. Simple Triode Amplifier 

a. GRID SIGNAL. Previous discussions in this 
chapter have led to the explanation of the sim- 
ple triode amplifier, shown schematically in 
figure 64. This amplifier is similar to the triode 
systems shown previously when they were used 
for the construction of static and dynamic char- 
acteristics, but it contains one important differ- 
ence, This is the addition of a sine-wave signal 
source which generates the signal voltage e, 
that is to be amplified. Signal e, appears in 
the input circuit as a sinusoidal variation of 
voltage between the control grid and the E,, 
supply. An amplified version of the signa! re- 
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Figure 63. Dynamic transfer characteriatic curves for different loada, 
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appears in the plate circuit as the varying drop, 
€rx, across the load resistance. As described 
previously, this voltage drop developed across 
the load is the result of the varying plate cur- 
rent, 7,, that flows through the load. 
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Figure 64. Basic circuit of triode, including input 
signal and load. 


b. GRID VOLTAGES. 

(1) By examination, three significant volt- 
ages now are present in the control 
grid-cathode circuit: 

E..= the bias voltage 

é, = the instantaneous value of signal voltage 

€, == the instantaneous voltage between grid 
and cathode. 

(2) The relative values of grid bias E., 
and signal voltage e, warrant only 
brief comment at this time because the 
operation of this amplifier is explained 
in a later chapter. If the assumed re- 
quirement is that the triode amplifier 
must operate without grid current, the 
amount of the fixed grid bias, E.., 
must be at least equal to the peak value 
of the positive half of the sine-wave 
signal, e,. In that way, the positive 
alternation of the signal voltage will 
not drive the grid into the positive 
voltage zone; consequently, no grid 
current is drawn. 


¢. VOLTAGE COMPUTATIONS. 

(1) If the signal, e,, is established at 6 
volis peak, then the fixed grid bias can 
be set at the same figure, or #,, = ~~-6 
volts. This amount of bias will be just 
offset by the 6-volt peak of the posi- 
tive alternation of the signal. This is 
one extreme of voltage conditions in 
the input circuit and can be shown 
numerically as follows: 


€, = signal voltage plus grid bias 


= €, + Ee 
€,== (+6) + (—6) — 0 volts. 

(2) The other extreme occurs at the in- 
stant when the peak value of the nega- 
tive alternation of the signal voltage 
appears in the grid circuit. At that 
moment, the signa! is —6 volts. With 
the fixed bias of —6 volts active in the 
circuit, the instantaneous voltage be- 
tween the grid and the cathode is the 
arithmetical sum of the two voltages, 
or —12 volts. This can be shown num- 
erically as 


€. = signal voltage plus bias voltage 
== € ce 
€: = (6) + (—6) = —12 volts. 
d. GENERAL. 

(1) Between these extremes of grid volt- 
age, the instantaneous voltage between 
grid and cathode is a function of the 
instantaneous amplitude and polarity 
of the signal voltage plus the fixed 
negative bias. At no time does the 
control grid become positive. 

(2) Another important item is the associa- 
tion between the operating conditions 
created by the voltages applied and the 
so-called operating point on the dyna- 
mic transfer characteristic, illus- 
trated in figure 65, where the load re- 
sistor equals 25,000 ohms. This is the 
same dynamic transfer characteristic 
developed in A of figure 62 with the 
static curves omitted. The dynamic 
transfer characteristic alone is suffi- 
cient for a graphical display of the 
way in which a signal voltage applied 
to the grid reappears amplified in the 
plate circuit via the plate current, and 
also to show the meaning of the oper- 
ating point and possible conditions of 
operation. These curves furnish the 
means for predicting the behavior of 
the plate current for a signal input. 


56. Operating Point 


a QUIESCENT CONDITIONS. To demonstrate 
the method of predicting the plate-current be- 
havior from the dynamic transfer character- 
istic, it is necessary first to establish the oper- 
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Figure 65. Operating on linear portion of 635 dynamic transfer characteriatic (Kz equal to 25,000 ohms}. 


ating point on the characteristic curves. This 
is set by the amount of fixed grid bias applied 
to the tube. It establishes a steady value of 
plate current which prevails for a 0-input sig- 
nal voltage and is generally referred to as the 
quiescent value of plate current. Based upon 
the data in figure 64, where a 6-volt peak signal 
and a —6-volt fixed bias are used, the operating 
point is N in figure 65. This is seen to equal 
6.4 ma and is the quiescent value of plate cur- 
rent. 
b. CHOICE OF OPERATING POINTS. 
(1) The location of the operating point 
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determines how much change occurs 
for input signals of different magni- 
tudes. Since it is always desirable to 
develop a maximum change in plate 
current for a unit change in grid volt- 
age, the location of the operating point 
is determined by the maximum amount 
of signal voltage anticipated in the 
grid circnit, The reason for this is 
obvious. Establishing the operating 
point for a 6-volt peak signal is satis- 
factory for all signals less than 6 volts 
peak, but it is not adequate for signals 


exceeding 6 volts peak. Such signals 
will drive the grid positive and cause 
grid current to flow. 

Another factor related to the location 
of the operating point is the desired 
behavior of the plate current. Inas- 
much as the signal to be amplified is 
@ sine wave, it is necessary for the 
plate current to rise as much as it 
falls during the alternate positive and 
negative half-cycles of the signal. This 
requirement is described simply by 
saying that linear changes are re- 
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quired in the plate current. It can be 
satisfied only by locating the operat- 
ing point along the linear part of the 
plate-current curve (N of fig. 65). For 
instance, selecting the operating point 
at P (fig. 66) by the application of 
—12-volt bias permits a 6-volt upward 
and downward swing in grid voltage, 
but the change in plate current is non- 
linear. The reason will be explained 
shortly. 


¢, AMPLIFICATION, 
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ing from a 6-volt peak signal applied 
to a simple triode are illustrated in 
figeres 65 and 66. Each graph shows 
the plate-current results for a differ- 
ent operating point. These correspond 
to N and P, previously discussed. In 
each case, the input signal is a sine 
wave of voltage. The plate-current 
variations resulting from the applied 
signa] are shown in similar fashion, 
that is, aS graphical representations 
of a current wave. Faithful amplifi- 
eation of the signal is indicated by 
similar shapes for the plate-current 
wave and the input signal-voltage 
wave. For proper correlation between 
input signal voltage and output plate 
current, the same time scale must be 
used for both. This is accomplished 
by displaying the cycle of the signal 
voltage and the plate current along 
zero axes of similar physical length. 
Faithful amplification of the input sig- 
nal is mdicated by sine-wave shapes 
for the plate-current wave, since the 
input signal voltage in each case is a 
sine wave. If the plate-current wave- 


shape departs from the original grid. 


sine wave, it is the equivalent of dis- 
tortion. 


(2)_ The development of the plate-current 


changes for instantaneous changes in 
signal voltage requires a point-by- 
point plot of the instantaneous result- 
ant of the signal and bias voltages on 
the transfer characteristic. Projec- 
tions of these plots form the plate- 
current wave, as accomplished step- 
by-step in figure 65, where the signal 
voltage and the developed plate cur- 
rent bear corresponding identifying 
letters at designated points. 


(3) Referring to line AB in figure 65, the 


input signal-voltage wave is drawn 
so that its 0-volt point coincides with 
the fixed bias voltage. This is stand- 
ard procedure and in this instance 
coincides with F.. — —6 volts. All 
other instantaneous amplitudes of the 
signal then are projected into the char- 
acteristic and indicate the instant- 
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(5) 


(1) 


aneous plate currents. Horizontal pro- 
jections of these intersections become 
‘the instantaneous amplitudes of the 
plate-current wave. 
For instance, line AB is a period dur- 
ing which the signal voltage is 0 
(point N), producing the period A’B’ 
wherejn the quiescent plate current 
is6.4 na, This is established by the 
no-signal voltage conditions—that is, 
the 350-volt supply, the load resistor 
of 25,000 ohms, and the fixed bias of 
—6 volts. The signal voltage starts 
increasing in the positive direction 
and at point C equals -+-4 volts. It off- 
sets 4 volts of the negative bias; there- 
fore, the effective grid voltage is —2 
volts at this time. A vertical projec- 
tion from point C on the input signal 
wave to the characteristic passes 
through the —2-volt mark on the grid- 
voltage scale. It intersects the char- 
acteristic at L and equals 8.9 ma. A 
horizontal! projection on the plate-cur- 
rent wave scale produces the point C’. 
The peak of the input signal labeled 
D has 2 voltage magnitude of --6 volts. 
The effective grid voltage, therefore, 
equals 0 and the projection on the 
characteristic produces point M and 
equals 10.5 ma. Projecting this point 
horizontally on the plate-current time- 
base produces the peak amplitude D’. 
Point G is projected to produce point 
O; point H is projected to produce 
point Q. Treatment of every other 
point on the signal-voltage wave in 
similar fashion develops the plate-cur- 
rent waveshape of figure 65. 


d. ANALYSIS OF ILLUSTRATIONS. 


An analysis of the graphical display 
of the signal voltage, dynamic transfer 
characteristic, and resultant plate- 
current waves affords pertinent infor- 
mation. A casual inspection of the 
signal-input and plate-current waves 
discloses a substantial similarity, 
which signifies relatively little dis- 
tortion. A more critical examina- 
tion shows that the positive alter- 
nation of the plate current has a 


(2) 


(3) 


(4) 


slightly higher peak amplitude than 
the negative alternation. Nonlinearity 
of this kind is a form of distortion, but 
in this case it is not too great. Even 
this small amount of distortion can be 
eliminated by increasing the load re- 
sistance, reducing the signal voltage, 
and operating entirely along the 
straight part of the characteristic. 


An aggravated example of distortion 
appears in figure 66. It results from 
the choice of the operating point on 
the dynamic transfer characteristic 
Yelative to the swing in grid voltage 
caused by the signal. The plate-cur- 
rent wave is developed as shown in 
figure 65, but the steps have been 
omitted, although corresponding parts 
of the signal and plate-current waves 
are labeled similarly. 


The nonuniformity in plate-current 
changes on both sides of the quiescent 
value is evident in the plate-current 
wave of figure 66. .The curvature in 
the dynamic transfer characteristic 
for relatively high values of grid bias 
results in flattening of the peak of the 
negative alternation. This is serious 
distortion when the intended function 
of the triode amplifier is distortionless 
amplification of a sine wave. It can be 
said in passing that wave flattening of 
this kind is the equivalent of intro- 
ducing frequencies which were not 
present in the single-frequency Input 
signal. 

The statements in the preceding para- 
graphs are a brief treatment of the 
subject of amplification. More elabo- 
rate and complete details are contained 
in chapter 6. In the meantime, it 
should be noted that the amplitude of 
the plate-current curves in figures 65 
and 66 relative to the pictured ampli- 
tudes of the input signals is not an 
indication of the amount of amplifica- 
tion being obtained. This can be de- 
rived only from calculation (or meas- 
urement) of the voltage drop devel- 
oped across the triode luad by the 


changing plate current and compari- 
son with the amplitude of the input 
signal. 

e. GENERAL. Concerning the types of distor- 
tion that can be developed in an electron-tube 
amplifier, they are more numerous than the 
two examples illustrated in figures 65 and 66. 
Additional examples are given later in this 
manual. 


57. interelectrode Capacitances 


a. An important electrical effect is associ- 
ated with triode tubes. It is the capacitance pre- 
sented by the facing metal surfaces which are 
the tube electrodes. Capacitance exists between 
the cathode and the control grid, between the 
cathode and the plate, and between the control 
grid and the plate. 

bd. The interelectrode capacitance between 
the control grid and the cathode bears the label 
Cx, the subseripts indicating the tube electrodes 
which form the tiny capacitor. The capacitance 
between the control grid and plate is labeled 
Cop, and between plate and cathode C,,. These 
capacitors are illustrated in figure 67. These 
capacitances are relatively small, being pos- 
sibly 2 to 10 uuf. Nevertheless, they are very 
important and cannot be ignored in some cases. 
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Figure 67. Location of interelectrode capacitances 
within triode. 


c. The triode is used in many circuits that 


involve the phenomenon of resonance. The 


capacitance between the triode electrodes such 
as Cy, and C,, is additive to any already there 
as a part of the resonant systems connected be- 
tween these electrodes. Consequently, substi- 
tution of one tube for another is capable of im- 
pairing the condition of resonance because of 
changes in tube capacitance. 
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d. In alt applications of the triode and other 
multielectrode tubes, a form of cireuit isola- 
tion is attained between the circuit components 
which form the control-grid circuit and those 
which are connected to the plate circuit of the 
tube. Under ideal conditions, the only coupling 
between the control-grid and plate circuits is 
the stream of electrons inside the tube. The 
presence of capacitance inside the tube between 
the control-grid and plate electrodes tends to 
defeat the usefulness of the triode as a means 
of attaining circuit isolation. The interelec- 
trode capacitance between the control-grid and 
plate circuits acts as a path by which energy 
present in the plate circuit is transferred back 
to the grid circuit. The result is interaction 
between the control-grid and plate circuits. 
This can be serious when the grid circuit and 
the plate cireuit of the triode contain systems 
which are resonant to the same or approxi- 
mately the same frequency. This action is called 
feedback. The higher the frequency of opera- 
tion the worse is the situation, since the react-~ 
ances of C,, and C,, become negligible and in- 
crease the feedback effect. 


e. The results of uncontrolled feedback are 
bad. The circuit behaves as a very unstable 
amplifier. If the feedback is excessive, the sys- 
tem becomes useless as an amplifier; mstead, it 
generates a signal of its own. This action is 
called oscillation. In order to minimize the tend. 
ency toward oscillation and so permit the triode 
te function as an amplifier, recourse is made to 
a circuit action known as neutralization, which 
will be discussed later. In neutralization, the 
interelectrode capacitance between the control 
grid and the plate is neutralized by means of 
a special capacitor located outside the tube and 
connected between the grid and plate circuits. 

f. Freedom from uncontrolled feedback in 
amplifiers can be attained by use of electron 
tubes which contain more than three—some- 
times four or five-—electrodes. These fetrodes 
and pentodes are discussed fully in the follow. 
ing chapter. 


58. Summary 


a. Control grids, a3 used in triodes, are com- 
posed of such metals as molybdenum, nichrome, 
iron, and an alloy of nickel and iron. 


b. The inside view of a glass triode is ob- 
secured by the opaque coating formed by a get- 
ter. The purpose of the getter is to absorb any 
gases that are initially liberated from the elec- 
trodes during operation. 

ec. The purpose of the control grid in triodes 
is to govern the movement of electrons from 
the space charge to the plate. 

d. One distinguishing feature of the triode is 
that its plate current can be cut off despite the 
presence of a positive d-c voltage on the plate. 

e. Amplification occurs in a triode when it 
delivers a stronger signal to the output circuit 
than it receives. 

f. D-c power sources for a triode consist of 
an A-battery, which supplies the filament volt- 
age; a B-battery, which supplies the plate volt- 
age; and a C-hattery, which supplies the con- 
trol-grid voltage. 

g. Operating potentials of a triode are the 
fixed d-c operating voltages of the filament, con- 
trol grid, and plate. 

h. The reference point of the triode usually 
is the cathode (or the common junction point of 
the voltage sources) and it usually is grounded. 

i. An electrostatic field exista between the 
eathode (space charge} and the control grid in 
a triode. The direction of this field is such as - 
to pull electrons to the plate when the grid is 
made positive. The reverse is true when it is 
negative. 

3. Grid current is a condition that prevails 
in a triode that exists when electrons attach 
themselves to the control grid and complete a 
path te it. It is negligible when the grid is at 
zero or negative potential and is more predomi- 
nant as the grid is made more and more posi- 
tive. 

k. Placing a voltage on the control grid seta 
up two electrostatic field, one between cathode 
and control grid and the other from control grid 
to plate. The direction of these fields is depend- 
ent on the polarity of the voltages applied to the 
electrodes. 

l. A low voltage applied to the control grid 
can exert on the space-charge electrons as much 
influence as (or even more than) a very much 
higher voltage applied to the plate. 

m. When the potential on the control grid 
is such that it completely stops the movement 
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of electrons through a tube, the tube is said to 
be cut off. 

mn. When the potentia! on the control grid is 
positive, it aids the plate by pulling more elec- 

“trons to it beezuse more electrons pass through 
the grid openings. 

o. In some tubes, a grid-voltage change of a 
few volts can have the same effect on plate cur- 
rent as changing the plate voltage by 10, 20, 
or even 50 volts. (In some instances, the effect 
can be less and in others more.) 

p. When the maximum and minimum points 
of one waveshape occur at the same instant as 
the maximum and minimum of another wave- 
shape, it is said that the two waveshapes are 
in phase. 

gq. The plate current of a triode always re- 
mains unidirectional even though it may vary 
above and below a reference level. 

yr. The polarity of the plate (with reference 
to the cathode) in a triode always remains posi- 
tive. 

s. The control-grid voltage can change very 
slowly or very rapidly and the plate voltage 
varies accordingly. 


t. In most cases, the presence of grid current 
is undesirable because it represents a consump- 
tion of power. 


wu. Bias ean be defined as the d-c voltage ex- 
isting between the grid and cathode of a triode. 


v. Characteristic curves display the behavior 
of electron tubes easily and specifically. 


w. In the plate-current grid-voltage charae- 
teristics, the grid voltage is made variable 
(causing changes in plate current} and the 
plate voltage is made constant. In the piate-cur- 
rent plate-voltage characteristics, the vlate volt- 
age is made variable (also causing changes in 
plate current) and the grid voltage is made 
constant. 


z. Static characteristics are curves that indi- 
cate tube behavior when the voltages applied 
to its electrodes are determined by voltage 
sources Ey, and £,.. 

y. Plate-current saturation is reached when 
no further increase in plate current occurs as 
the grid is made more positive. 

z. In general, grid-family and plate-family 
curves furnish the same information. The grid 
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family displays the plate current for small in- 
erements of grid-voltage change and substan- 
tial fixed differences in plate voltage; the plate 
family displays the effects of smai]l increments 
of plate-voltage change and larger fixed incre- 
ments of grid-voltage change. 


aa. The plate current corresponding to a fixed 
change in grid voltage is a function of the 
operating region on the plate-current curve. 
The operating point determines the linearity 
and nonlinearity of the output waveshape of 
a triode. 


ab. The tube constants are: 


Amplification factor (2), <= os (ip constant) 
‘< 

Transconductance (gn) = ae (é, constant} 
¢ 

A-c plate resistance (r,) = oe (e, constant). 


ac. Triodes generally are classified as low-» 
(« is less than 16}, medium-, (, is between 
10 and 80), and high-» (» is 100 or more). 


ad. &, is defined as the d-c internal resist- 
ance of a tube when steady values of voltage 
are applied to its electrodes. The term 7, is 
defined as the a-c internal resistance of a tube 
when varying values of voltage are applied to 
its electrodes. 


ae, The higher the applied plate voltage (or 
the lower the negative grid voltage), the lower 
is the a-c plate resistance. 


af. When comparing p, gn, and 7,, » remains 
relatively constant under virtually all condi- 
tions, The value of 7, varies greatly at high 
values of negative grid bias or low plate volt- 
age. G,, varies oppositely to 7,. 

ag. The tube constants are 2 means of com- 
paring tubes of a similar type and permit the 
selection of a tube to fit specific needs. 

ak. The dynamic characteristics of a tube 
can be described as a graphic portrayal of tube 
behavior under load. 

ai, When a signal source and a load are used, 
the following mathematical relationships hold 
true: 
@ = Be + eg; eb = Ey —inRt; ear = ifr, 

aj. A load line displays the way in which the 
output of the plate-supply voltage is distrib- 


uted between the load and the internal! resist- 
ance of the tube under different conditions of 
plate current. 


ak. The dynamic transfer characteristic 
curve correlates the plate-current grid-voltage 
relationship with the load present in the circuit. 
ail. The total change in plate voltage always 
is equal to the change in voltage across the load. 


am. Nonlinearity in electron-tube behavior is 
a source of distortion and is highly undesirable. 


an. If a triode amplifier is to operate without 
grid current, the amount of fixed negative bias 
must be at least equal to the peak value of the 
positive half of the input grid signal. 

ao. The plate current in a triode amplifier 
is said to be quiescent when no signal is applied 
to its input circuit. 

ap. The interelectrode capacitances of a tri- 
ode, Crp, Cox, and Cy, are in the order of 2 to 
10 ppf. 

aq. The effect of interelectrode capacitance 
can lead to feedback and oscillation. 


59. Review Questions 


a. Name some metals that are used to mannu- 
facture control grids in triodes. 

b. What famous person inserted the third 
‘element into the diode? 

c. Why are the elements of triodes generally 
larger in transmitters than in receivers? 

ad. What substances are used as getters in 
triodes? 

e. Why are getters necessary in triodes? 

f. What is the electrical difference between 
a diode and a triode? 

g. Is it possible for the control grid to over- 
come the influence of a very high plate voltage 
in the order of a few thousand volts? Why? 

h. Why is the control grid in a triode some- 
times compared to a valve? 

i. Comparatively speaking, what are the ap- 
proximate voltage differences between the A, 
B, and C supplies in a triode? 

j. Ave the polarities of B- and C-batteries the 
same for all triodes? 


k. What is meant by the operating potentials 
of a triede? 


i. What point usually is grounded in a triode 
elrcuit? 

m. In physical construction, why is the con- 
trol grid placed closer to the cathode than to 
the plate? 

n. What influence does the electrostatic field 


existing in a triode have on the electron flow 
through the tube? 


o. Will grid current flow when the control 
grid is at zero potential? 


p. Explain the differences in direction of the 
electrostatic fields in a triode when the grid is 
positive and negative. 


g. What is meant by cut-off in an electron 
tube? 


r. Upon what factors does the cut-off voltage 
of an electron tube depend? 


s. Name the effects that exist in making the 
control grid positive in a triode. 

t. What is meant when two voltages are said 
to be in phase? 

u. Can the plate voltage of a triode ever go 
negative? Why? 

». Does the plate current have the same 
shape as the control-grid voltage in a triode? 

w. Why is a negative contro) grid desired in 
the majority of cases? 

x. Define bias, grid voltage, and cathode volt- 
age. 

y. What is the main purpose of character- 
istic curves? 

z. What is meant by the notations Bo, %, 
In, @c, and #,? 


aa. What are the dependent and independent 
variables in both the plate-current grid-voltage 
and plate-current piate-voltage characteristics? 


ab. What are the differences between static 
and dynamic characteristic curves? 

ac. Why is plate current reduced when the 
control grid is made too positive? 

ad. What are the advantages and disadvant- 
ages of using oxide-coated emitters? 

ae. Why are grid-family characteristic curves 
used instead of a single characteristic curve? 

af. Define z, gm and 7, 
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ag. What is the differencee between R, and 
T;? 


ah. What is meant by a variable-» tube? 


ai. How does 7, vary with the plate-supply 
voltage? Grid-supply voltage? 


aj. What is the mathematical relationship 
between p, Gn, aud Tp? 


ak. Is the change in plate current for a 
change in grid voltage more or less when a load 
is used in a triode circuit? Why? 


al. Explain what a dynamic transfer char- 
acteristic curve is. 


am. How would you go about drawing a load 
line for a given set of grid-family curves? 


an. Why does nonlinearity of characteristic 
curves cause distortion? How can it be mini- 
mized? 

ao, What three voltages are present in the 


contro! grid-cathode circuit of a triode ampli- 
fier? 


ap. When can a quiescent value of plate cur- 
rent be obtained? 


ag. What is the approximate value of inter- 
electrode capacitance existing between the elec- 
trodes of a triode tube? 


ar. 1s interelectrode capacitance more notice- 
able at higher or lower frequencies? Why? 


as, Why is neutralization used in some triode 
amplifiers? 
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CHAPTER 5 
MULTIELECTRODE TUBES 


Sectiont. TETRODES 


60. General 


a. Although the tricde is an important de- 
vice in communications, its use in amplifying 
systems is limited in some respects. The prin- 
cipal reason is the interelectrode capacitance 
between its electrodes, especially the capaci- 
tance between the control grid and the plate. 
As the frequency of operation is increased, 
the grid-plate capacitance affords an easier 
path for the transfer of energy back from the 
output to the input circuit. This action is most 
pronounced in a resonant system in which the 
grid and plate circuits are tuned to the same 
or similar frequencies. The result is that 
triode tubes seldom are used as amplifiers 
without recourse to special neutralizing sys- 
tems to counterbalance the undesired feed- 
back, 


b&b. Neutralization is not wholly satisfactory. 
The higher the frequency of operation, the 
more critical is the adjustment. Sometimes it 
is impossible to neutralize properly over the 
entire band. Above all, neutralization is a 
critical adjustment and, frequently, a bother- 
some one. It still is used in some equipment, 
but in general its use has been reduced by the 
development of new tube types which obviate 
the necessity for neutralization by greatly re- 
ducing the interelectrode grid-plate canaci- 
tance as a feedback path. 

c. In addition to the problems of feedback, 
the triode does not satisfy all the amplifying 
needs encountered in receivers, transmitters, 
and related apparatus, The physical relation- 
ship between the electrodes of the triode is 
such as to set unsatisfactory limits on the de- 
gree of amplification that can be achieved in 
@ practical tube. At one time this posed a seri- 
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ous problem for design engineers because 
progress in communication depended on in- 
creasing the amplifying capabilities of equip- 
ment. 

d. Today the answer is found in two types 
of tubes. Both are based on the triode but rep- 
resent modifications of the original three-ele- 
ment electron tube. One of the versions is the 
tetrode, or four-electrode electron tube, which 
contains an electron emitter, two grids, and a 
plate. The other is the pentode, which con- 
tains five electrodes: an electron emitter, 
three grids, and 2 plate. 

e. The development of electron tubes since 
the early 1920’s has resulted in more than just 
the multielectrode tetrode and pentode. Other 
tubes which have been developed are various 
combinations of diodes, triodes, tetrodes, and 
pentodes in the same envelope. These are iden- 
tified by the general name of multiunit tubes. 


61. Tetrode 


a. SCREEN GRID. The four-electrode tube 
contains all the electrodes of the triode (with 
generally similar functions}, and in addition 
a fourth electrode. This is the sereen grid. 
As a rule, the four-electrode tube is called a 
tetrode, although upon occasion it is referred 
to as a screen-grid tube. 

b. PHYSICAL CONSTRUCTION. 

(1) The physical organization of the 
tetrode {fig. 68} does not differ too 
much from that of the triode. In A, 
the screen grid of the tetrode (type 
48) is rectangular in shape. The 
plate is fin-shaped for heat dissipa- 
tion purposes. In B, the outer screen 
grid is a perforated-meta! structure 


ef circular shape (type 32), located 
between the glass envelope and the 
plate electrode. The inner screen 
grid is oval and is located between 
the control grid and plate. There is 
variation in the shape of the grids; 
in some instances a helical form is 
used. The functioning of the elec- 
trodes is fundamentally the same re- 
gardless of the shape. 


CONTROL— 
GRID 
CAP 


NNER 
SGREEN 
GRID 


ant 


a\n 
y 


\ 


bar 
C 


‘ 
iN 


“eh, ATT 


CONTROL 


ONTROL= 
GRID 
GAP. 


Q 


to the base are cailed double-ended 
tubes. If all the electrodes appear as 
pins or prongs in the base of the 
tube, they are called single-ended 
tubes. In some tetrodes designed for | 
use in receivers and similar low- 
power equipment, the cap illustrated 
in C affords electrical connection to 
the control grid. The plate, screen- 
grid, and heater (or filament} junc- 
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Figure 68. Physical construction of tetrodes, 


tions are made through the tube base 
pins. In some higher-power tubes, 


(2) C and D show external views of two 
tetrodes. The tubes are substantially 


alike in appearance, but differ in one 
respect. The practice of using pins in 
the tube base as connecting points to 
the electrodes inside the envelope is 
followed in the tetrode, but an ex- 
ception is the use of a metal connect-~- 
ing cap on the top of the tube. Tubes 
which have electrodes connected to 
portions of the envelope in addition 
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such as are used in transmitters, the 
eap furnishes electrical contact with 
the plate electrode, as in D. The re- 
Maining tube electrodes terminate 
at the base pins. The reason for cap 
connections to the control grid or to 
the plate, as the case may be, is the 
desire to reduce the capacitance be-. 
tween the connecting pin termina- 


tions of the control grid and the plate. 
c. TETRODE CirculT. It is common practice 
to use the full names, such as control grid and 
sereen grid, but for tube schematics it is ad- 
vantageous to designate these electrodes in ab- 
breviated form as Gl and G2. The smaller num- 
ber is assigned to the grid which is closer to the 
cathode, this being the control grid. Therefore, 
G2 represents the screen grid. These notations 
are included in two schematic representations 
{fig. 69). The old tube symbol, in A, finds occa- 
sional use in modern literature, and therefore, 
is shown here. B shows the modern tube sym- 
bol. It also is interesting to note that abridge- 
ment of the words screen grid to the single word 
screen, as meaning the same thing, is practiced 
regularly. When illustrated schematically with 
operating voltages applied to all the electrodes, 
the tetrode appears as in figure 70. The main 
difference between the tetrode and the triode 
is the screen circuit and the source of its oper- 
ating voltage. In normal use the screen is made 
positive relative to the cathode by receiving a 
voltage from source #,,, which also supplies 
the plate voltage. In the majority of instances, 
the d-c screen voltage is appreciably less than 
the d-c plate voltage. 
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Figure 69. Tube symbols for tetrode. 


ad. ANALYSIS OF CIRCUIT. 
(1) The organization of the tetrode cir- 
cuit relative to signal transfer (fig. 
70) is the same as that of the triode. 
The contro!-grid-to-cathode circuit is 
the input part of the tube system (in- 
cluding e, and E,,), and the plate-to- 
ground circuit is the output part of 
the tube system (including e, and 
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Figure 70. Circuit representation of tetrode. 


Ey). The circuity between the emit- 
ter and the common junction point, 
shown grounded, is the cathode cir- 
cuit. This, too, conforms with the 
breakdown of the triode. 


The presence of the screen electrode 
introduces new voltage and current 
notations. The voltage between the 
control grid and the cathode bears as- 
sociation with G1, and is, therefore, 
identified as e,,. On the other hand, 
the screen-grid voltage source is a 
part of Ey, but the voltage applied to 
the screen electrode is identified apart 
from the plate voltage. Being related 
to G2, it bears the notation ¢,., and its 
portion of F,, is labeled F2. 


The current label 7¢,. identifies the 
screen-grid current. The screen is lo- 
cated in the space between the control 
grid and the plate, and therefore, it 
is in the path of the electrons flowing 
through the tube. Since it is sub. 
jected to a positive voltage, it does 
more than just accelerate electrons 
toward itself and the plate. It attracts 
some of the electrons, which comprise 
the screen current. Again, the current 
notation is seen to bear an association 
with the subscript letter e¢ which is 
used with all electrodes identified as 
grids. The screen current usually is 
much smaller than the plate current. 


¢. FUNCTION OF SCREEN GRD. 
{1) The main purpose of the screen-grid 
electrode is to reduce the plate-to-grid 
capacitance, which is a path for feed- 


(2) 


(3) 
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yack in high-frequency amplifiers. 
Feedback may lead to self-oscillation 
of the amplifier, which is undesirable. 
With an average of about 2 z,f grid- 
plate capacitance in a triode, this value 
is reduced to approximately .01 ppf 
or less in a tetrode. The screen-grid 
accomplishes this by acting as an elec- 
trostatic shield between the control 
grid and the plate, consequently reduc- 
ing the grid-plate capacitance. When 
an cuter screen-egrid is used, it serves 
to isolate the plate of the tube from 
the external circuit. 


(2) The screen current, i., that flows as 
a result of £.. performs no useful pur- 
pose. Most of the emitted electrons 
from the cathode flow to the plate 
through the openings in the screen- 
grid mesh. Consequently, the screen 
reinforces the action of the plate by 
helping it to attract more electrons to 
the plate. At the same time, the screen 
has another effect; it makes the plate 
current practically imdependent of 
plate voltage because of its shielding 
action. Inasmuch as the screen is be- 
tween the control grid and the plate, 
changes in the value of the voltage on 
the plate have little effect on the space 
charge. As a matter of fact, it is pos- 
sible te view the plate-voltage field as 
terminating on the screen, This does 
not imply that the plate voltage is un- 
important. It accounts for the advance 
of electrons to it and the plate circuit 
is still the output circuit. However, 
the attracting force responsible for 
the movement of electrons beyond the 
confines of the control grid is the volt- 
age on the screen rather than the volt- 
age on the plate. 


62. Plate-current Plate-voltage Charac- 
teristic Curves 


a. The behavior of a tetrode under various 
conditions can be analyzed from its plate-cur- 
rent plate-voltage characteristic curves (figs. 
78 and 71, with e, excluded} as was done in 


the analysis of the triode. The now obsolete 
UY-224 tetrode was used to obtain the curves 
illustrated because it exhibits certain proper- 
ties of fundamental interest. which later types 
of tetrodes do not show equally well. Figure 71 
shows curves for only one control-grid and 
screen-grid voltage setting. Since ¢, is not in- 
troduced in the circuit the controi-grid voltage, 
€. or £1, is held constant at —1.5 volts and 
the screen-grid voltage, #., is held constant at 
+75 volts, The filament voltage, F,, is a d« 
voltage of 2.5 volts. 

é, Referring to figure 71, curve i, is the plate 
current and curve 7,, is the screen current (Y 
axis) for the stipulated changes in plate volt 


age (X-axis). It can be seen that great changes 
occur in these two curves below a certain value 


of plate voltage, that is, from F,, values of 0 to 
about 90 volts. It is in this region that great 
interest lies, although the operating range of 
the two curves, when used for amplifier design, 
is substantially above the 90-volt value. Curves 
iy and i. are added to produce curve i, + ic. 
This illustrates that changes in plate voltage 
E,, do not appreciably affect the total current 
through the tetrode. 


e. The previous statement that the plate cur- 
rent is not affected too much by changes in plate 
voltage in a tetrode appears to be contradicted 
in an examination of the curves. This is be- 
cause, with voltage applied to the plate and -}-75 
volts to the screen, an electrostatic field exists 
between the screen and the cathode and not be- 
tween the cathode and plate (cathode is at 0 
potential). This field attracts electrons to the 
screen grid and a small screen current (4 mil- 
liamperes) flows in the external screen circuit. 
Some electrons do reach the plate, however, as 
evidenced by the flow of a very sma]l plate cur- 
rent {.5 milliampere) at 0 plate voltage. 

d, Raising the plate voltage from 0 to +2 
volts causes an increase in plate current and a 
decrease in screen current. This is indicated by 
the upward slope in the plate-current charac- 
teristic and the downward slope of the screen- 
current characteristic. Note that aa the plate 
voltage is increased to +5 volts and slightly 
higher, the plate-current curve slopes down- 
ward and continues so for an appreciable dis- 
tance. This appears to be the contrary of what 
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Figure 71. Plate-current plate-voltage characteristic curve for UY-224 tetrode. 


should happen. By ordinary tube behavior the 
plate current should increase rather than de- 
crease as the plate voltage increases. The de- 
crease is caused by a phenomenon known as 
secondary emission. 


e. Secondary emission occurs when electrons 
from the space charge strike the plate with 
sufficient force to dislodge electrons from the 
plate material itself. These dislodged electrons 
are known as secondary electrons. With the 
screen voltage fixed, the velocity with which 
the space-charge electrons (known as primary 
electrons) arrive at the plate increases as the 
plate voltage increases. At low plate voltages, 
secondary electrons dislodged from the plate 
under primary electron bombardment are at- 
tracted to the higher-potential screen. The 
Movement of these secondary electrons is in 
the direction opposite to the regular flow of elec- 
trons from cathode to plate. The result of this 
dual-directional current flow is that the current 


in the plate circuit decreases as more and more 


secondary electrons are dislodged from the 
plate. These secondary electrons are attracted 
to the screen and the screen current increases. 


Lod 


The decrease in plate current and increase in 
screen current resulting from secondary emis- 
sion are represented by the curves in figure 71. 
The plate current, therefore, continues to de- 
crease as the screen current increases. When 
the plate voltage is increased and approaches 
the screen potential of +75 volts, some of the 
secondary electrons are attracted back to the 
plate, causing the plate current curve to turn 
in an upward direction. When the plate volt- 
age reaches the screen voltage, the plate field 
is now strong enough to prevent the secondary 
electrons from leaving the vicinity of the plate 
because they are nearer to the plate than they 
are to the screen. 


f. As the plate voltage exceeds the screen 
voltage, most of the electrons which pass 
through the screen openings arrive at the plate. 
This condition represents the relatively flat 
portion of the i, curve (beyond F,, = 90 volts). 
Increasing the plate voltage beyond 90 volts 
does not cause an appreciable increase in plate 
current, because the iricreased attracting force 
caused by the higher positive voltage on the 
plate does not affect the space charge as much 


as the screen does; therefore, its action on the 
space-charge electrons is negligible, 


g. Normal operation of a tetrode as a distor- 
tionless amplifier is in the zone where the plate 
current curve ?, is not subject to radical flunctu- 
ations caused by secondary emission effects, 
to the right of point A. 


hk. In the plate family of characteristics for 
the more modern 244 tetrode (fig. 72), the con- 
trol-grid voltage is varied from 0 volts to —6 
volts in steps of].5 volt; the screen-grid volt- 
age, F.., is held constant at +-90 volts and the 
plate voltage is varied over a wide range, from 
0 volt to +500 volts. Several significant dif- 
ferences can be observed in figures 71 and 72. 
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volts. It is simply that the extent of the nega- 
tive resistance effect is not as great. 

37. This improvement is attributable to the 
kind of material used for the plate. The plate 
of the 24A tetrode is treated chemically so that 
fewer secondary electrons are dislodged by the 
primary electrons. This reduces the number of 
secondary electrons that are available to be at- 
tracted to the screen when its voltage exceeds 
that of the plate. 

k. As to the limitations of its use, the modern 
tetrode is subject to secondary emission also, 
although it performs as a somewhat better am- 
plifier than the old-type tetrode. 

63. Constants of Tetrodes 

a. GENERAL. Like the triode, the tetrode is 

identified with three basic tube constants: a-c 
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Figure 72. Plate family of characteristic curves for 24A tetrode. 


i, It is to be noted that none of the charac- 
teristic curves for the modern 24A drop below 
the 0 value of plate current, as they do for the 
obsolete UY-224. This does not mean that the 
modern tetrode is free from negative resistance 
effects, for, as can be seen, the plate current 
does decrease with increasing plate voltage over 
the region where Z,, is approximately 0 to 70 


plate resistance 7,, amplication factor, », and 
transconductance g,. The meaning of each is 
the same as when they are used for the triode, 
although the different organization of the 
tetrode establishes a contrasting range of val- 
ues for these constants. 

b. A-C PLATE RESISTANCE. The a-c plate re- 
sistance of the tetrode is very high in compari- 
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gon with that of the triode. The reason for this 
is the action of the screen grid; if reduces very 
substantially the effect of a change in plate volt- 
age on the plate current. The a-c plate resist- 
ance of the few receiving-type (low-power) 
tetrodes averages about 400,000 to 500,000 
ohms, although in the receiving-type power 
tetrodes it is much lower—approximately 70,000 
to 100,000 ohms. High-power tetrodes used in 
transmitters display much lower values of plate 
resistance, usually about 6,000 to 10,000 ohms. 


¢. AMPLIFICATION Factor. The amplifica- 
tion factor of tetrodes is many times higher 
than in triodes. In contrast to triedes, which 
possess » values of from about 5 to perhaps 50, 
low-power tetrodes are rated at from about 
400 to perhaps 600. High-power tetrodes used 
in transmitters have » values approximating 
160. 


d. TRANSCONDUCTANCE. The _ transconduc- 
tance is not too high in tetrodes, despite the 
high » rating. The reason for this can be ex- 
plained by the equation g, = »/7,. The value 
of r,, in the denominator, increases to a greater 
proportion than », in the numerator, does in a 
tetrode. Therefore, the ratio of »/r, decreases 
in proportion and consequently g, decreases. 
In general, the g,, of low-power tetrodes is 
about 1,000 to 1,500 micromhos; special power 
types average between 4,000 and 4,500 microm- 
hos. 


64. Advantages and Disadvantages of 
Tetrode 


a. ADVANTAGES. The advantages of the ordi- 
nary tetrode are relatively few. It does reduce 
the capacitance between plate and control grid, 
and therefore the amount of feedback. Also, it 
affords greater amplification than is available 
with a triode. These are the background items 
which explain its use as an amplifier in a num- 
ber of communication receivers. However, it is 
necessary to understand that the receiver and 
other similar equipments which utilize the low- 
power tetrode are not the most modern devices. 
Present-day apparatus generally uses the 
pentode, which is an elaboration created to 
overcome the disadvantages of the tetrode. 

b. DISADVANTAGES. 


(1) The disadvantages of the tetrode out- 


139 


number the advantages. As stated 
previously, it is limited to a portion 
of the over-all plate-current charac. 
teristic. Only in this zone, where the 
plate voltage exceeds the screen volt- 
age, are secondary emission effects 
negligible. In view of the effects of 
the plate load on the plate voltage 
when a signal voltage is applied to the 
control grid, the use of a very high 
value of plate-supply voltage, E,, is 
warranted. Only then can the required 
swing in plate voltage take place and 
still have the lowest value of plate 
voltage, €,, exceed the applied screen 
voltage. Under such conditions the 
tetrode functions as a linear ampli- 
fier. However, if the plate-supply volt- 
age is insufficient and causes the effec- 
tive voltage at the plate momentarily 
to be less than the screen voltage, sec- 
ondary emission cecurs, with conse- 
quent impairment of the performance 
of the amplifier. Excessive distortion 
is the result. 


(2) The necessity for a very high plate- 
supply voltage, E,,, to assure that e, 
always exceeds, or at least never goes 
below £2, may be inconvenient. More- 
over, the fulfillment of the voliage re- 
quirements at the plate and at the 
screen introduces a limitation on the 
amount of signal, e,, that can be fed 
to the input circuit of the tube. The 
changes in plate current must be kept 
to a reasonable minimum in order 
that the drop across the load resistor 
never makes e, less than Hi... This 
limits the tetrode to the handling of 
relatively weak signals. 

c. GENERAL. The fact remains that few re- 
ceiving-type tetrodes are manufactured today. 
For all practical purposes they can be consid- 


ered obsolete. This is not true, however, of 


transmitting-type tetrodes. Many communica- 
tion needs demand high amplification, rela- 
tively low plate-supply voltages, and the han- 
dling of substantial amounts of power. These 
are accomplished by means of the pentode and 
the beam power tetrode. 


Section I]. PENTODES 


65. Physical Construction 


a. The pentode is a five-electrode electron 
tube. It contains an emitter, three grids, and 
2a plate. The grid closest to the cathede, G1, is 
the control grid; next is the screen grid, G2, 
and the third, located between the screen grid 
and the plate, is the new suppressor grid, G3. 
The construction of a metal-type pentode is 
shown in A of figure 73; symbolized, the 
pentode is shown in B. 
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from these because of the action of the sup- 
pressor grid. 


c. In external appearance some pentodes re- 
semble the tetrode. This similarity is so great, 
even to the use of control-grid or plate caps on 
the top of the tube envelope, that identification 
by visual inspection is difficult. Three receiv- 
ing-type pentodes are shown in figure 74. The 
envelope of a pentode may he glass, as in A, or 
metal. A departure from the tetrode appear- 
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Figure 78. Physical construction (metal-type) and symbol of pentode. 


b. Functionally speaking, the action of the 
emitter, control grid, screen grid, and plate in 
the pentode are the same as in the tetrode, ex- 
cepting that, whereas the tetrode suffers from 
negative resistance effects, the pentode is free 


ance is the acorn-type tube shown in B. This 
is a comparatively smal] tube requiring a spe- 
cial socket and having wire extensions serving 
as the tube pins. Another physical feature of 
the acorn pentode is the location of the plate 
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Figure 74. Different typee of receiving pentodes. 


connection at the top and the control-grid con- 
nection at the bottom of the envelope. These 
are stiff wires which protrude through the en- 
velope. Another type of miniature tube ia 
shown in C. 


66. Pentode Circuit 


a. When arranged as a basic amplifier, the 
pentode (fig. 75) is similar to the tetrode (fig. 
70). One difference between the two circuits 
reflects the fundamental difference in behavior 


Figure 75. Circuit representation of peniode. 
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between the pentode and the tetrode. In some 
types of pentodes, the suppres- 
sor is electrically connected to the cathode in- 
side the tube; in other types, the connection is 
made to its own prong on the tube base. Such 
flexibility of connection between the suppressor 
and the cathode enables some pentodes to be 
arranged for action as triodes. 


b. The electrode voltage and current nota- 
tions for a pentode parallel those for the 
tetrode. The electrical connection between the 
suppressor and the cathode places the former 
at the same potential relative to the adjacent 
electrodes as the cathode. Under the circum- 
stances, the suppressor bears no current or volt- 
age notations of its own. It is viewed as being 
at 0 or ground potential. 


e. Referring again to figure 75, primary elec- 
trons are accelerated toward the plate by suit- 
able voltages applied to G1 and G2. They pass 
through the openings of the contro] grid and 
screen wires and also through the openings 
of the suppressor, G3. When the electrons 


strike the plate they do so with sufficient veloc- 
ity to cause secondary emission. 


d. Since the plate is positive with relation to 
the cathode and the cathode is connected to the 
suppressor, the suppressor is negative with re- 
lation to the plate. Therefore, secondary elec- 
trons emitted by the plate are repelled by the 
suppressor and returned to the plate. Reverse 
current between plate and screen is therefore 
avoided, even if the screen voltage momentarily 
exceeds the plate voltage. The existence of the 
suppressor between the screen and plate has 
another beneficial effect. It reduces the con- 
trol-grid-to-plate capacitance even more than in 
the tetrode; therefore, it greatly reduces the 
feedback problem. This is one reason that ac- 
counts for the wide application of the pentode. 


67. Characteristic Curves 


a. The plate family of characteristic curves 
for a typical pentode (6SJ7) is shown in figure 
76. Plate-supply voltage Z,, is variable from 
0 volts to 400 volts (X-axis). Since the curves 
are made without a load in the plate circuit, 
the plate potential e, =... The screen voltage 
Eg = €2 is held constant at 100 volts; the sup- 
pressor is at 0 potential and the control-grid 
voltage EH. is varied between 0 volts and —5 
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volts in steps of 1 valt. The filament voltage, 
E,, is equal to 6.8 volts. 


6. A number of significant details are shown 
in figure 76. Dips in the curves (fig. 72) due 
to negative resistance are absent. At no time 
does the plate current fall with increasing plate 
voltage. A zone of critical plate potential (the 
range of plate-voltage changes over which the 
plate current rises rapidly) still prevails. How- 
ever, this happens over 2 limited area only. The 
top. of the knee of the plate-current curve is 
reached much sooner than in the tetrode. 


c. As in the tetrode, the plate current is rela- 
tively independent of the plate voltage. The 
usable portion of each characieristic is to the 
right of the knee in each curve, where the 
curves are relatively flat. A significant condi- 
tion is implied by the unequal spacings of the 
plate-current curves at the flat portions. Rach 
plate-current curve corresponds to a specific 
value of control-grid voitage, each of which rep- 
resents an equal increment of change. The 
plate current does not change equally for equal 
changes in control-grid voltage, with the screen 
and plate voltage fixed in value. 


d. The tabulation below shows this plate-cur- 
rent control-grid voltage behavior. The plate 
voltage is held constant at 300 volts; the screen- 


300 
TM 662-65 


Figure 76. Plate family of characteristic curves for pentode. 
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grid voltage is constant at 100 volts and the 
suppressor is joined to the cathode and equals 
0 volts. 


Control 


Plate grid Plate 

voltage voltage current Flate current 

{B,,) (Ep Gy) change 
300 0 9.3 ma 
300 —i 7.0 ma (9.3 —7.6) = 2.38 ma 
300 —2 4.8ma {70 —4.8) = 2.2 ma 
300 —3 3.0 ma (4.38 —3.0) = 1.8 ma 
300 i 1.6 ma {3.0 —1.6} = 14ma 
300 5 .6ma (16 — 6} =—1.0ma 


e. These figures imply a nonlinear behavior 
between plate current changes and control grid 
voltage changes, and consequently, the appear- 
ance of distortion. Therefore, it can be said 
that pentode operation is productive of more 
distortion than is triode operation. By proper 


choice of operating constants the distortion is. 


reduced to tolerable proportions. The advan- 
tages gained from the use of pentodes in certain 
sections of communications equipment exceed 
the disadvantages caused by distortion, and 
therefore, the tube enjoys wide popularity. 


68. Constants of Pentodes 


a. AMPLIFICATION Factor. The amplifica- 
tion factor of a pentode is great, being approxi- 
mately 1,500 for receiving tube types. This is 
about 100 times more than the amplification ob- 
tainable with triodes, and two to three times as 
great as the amplification factor of tetrodes. 
The reason for the unusual amplifying ability 
of the pentode can be found by graphically lo 
eating p» in the plate family of curves in figure 
76. 


b. PLATE RESISTANCE. 


(1) The a-c plate resistance of the pentode 
is very high. For example, the 6SJ7 
pentode has a plate resistance of 
about 1 megohm, or nearly 200 times 
greater than the plate resistance of a 
triode and several times that of a 
tetrode. The high plate resistance of 
the tetrode and the pentode sets them 


apart from the triode in the manner 


of use with different devices. It is 


(2) 


significant to note that the higher the 
negative grid bias, the higher the 
plate resistance of the pentode, as can 
be seen in the characteristic curves. 


Some types of pentodes, known as 
power pentodes, manage to keep the 
plate resistance lower than it is in the 
usual type of pentode, but even in 
these varieties 7, is many times the 
value found in triodes intended for 
similar uses in communications equip- 
ment. The transconductance ratings, 
however, do not differ greatly from 
those of triodes designed for similar 
applications. 


¢e. TRANSCONDUCTANCE. 
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(1) 


(2) 


Despite the high amplification factor 
of pentodes, the transconductance rat- 
ings are comparable to the ratings of 
triodes and tetrodes because of the ex- 
tremely high plate resistance found in 
the pentode. It is obvious, therefore, 
that the specific change in plate cur- 
rent per unit change in control-grid 
is very low. 


Figure 77 illustrates the variation in 
transconductance of a typical pentode 
with changes in control-grid voitage, 
sereen voltage, and plate voltage. The 
highest values of transeonductance 
prevail for low values of control-grid 
bias, #4, high values of screen volt- 
age, En, and plate voltage, #’,,. With 
fixed plate voltage, the greater the 
screen voltage the greater the trans- 
conductance. This is understandable 
because of the great effect that is dis- 
played on the plate current by the 
screen voltage. Also, in figure 77, a 
lower value of plate voltage (dotted 
lines at EF, = 100) introduces a lower 
value of gn than a higher value of 
plate voltage (EZ, = 200), since rais- 


‘ing the plate voltage lowers the value 


-of r,, which in turn raises the value 


of Gm 
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Figure 77. Family of curves showing variation of tranaconductance of 6SJ7 pentode. 


69. Dynamic Transfer Characteristic 


a. The development of the dynamic transfer 
characteristic of a pentode follows the method 
described for the tricde. The effects developed 
in the pentode as compared with those of the 
triode are shown in the dynamic transfer char- 
acteristics in figure 78. These curves are drawn 
for a 6SJ7 pentode with E£,, — 300 volts, B.. = 
100 volts, and H.5 = 6 volts. The load lines are 
for R; = 0 ohms, 30,000 chms, 50,000 ohms, 
and 100,000 chms. 


&. The discussion concerning the dynamic 
transfer characteristics of the triode (pars. 54 
and 55) brought out the advantages of Hnear 
curves and the desirability of operating over 


the linear portions of the transfer characteris- 
tic curve. This was the condition established 
for distortionless amplification. It was pointed 
out, moreover, that the higher the ohmic value 
of the load, R,, the straighter was the charac- 
teristic, and the more faithful the pattern of 
changes in plate current relative to the pat- 
tern of changes in control-grid voltage. 


c. The contrasting conditions encountered in 
the pentode operated as stipulated are shown 
in figure 78. The characteristic curves are not 
straight when &, equals a finite value. The 
curve labeled 2; = 30,000 ohms appears to be 
the nearest approach to a usable condition, but 
even this curve is not linear throughout its en- 
tire length. As the value of the load R, is in- 
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Figure 78. Dynamic transfer characteristic curves of 
6SJ7 pentode. 


creased, the nonlinearity becomes more pro- 
nounced. In fact, the characteristic actuaily 
flattens over a range of control-grid voltage 
changes. Note how flat curve 2, = 100,600 
becomes. These flat portions represent very lit- 
tle change in plate current. Dynamic transfer 
characteristics of this kind are usable under 
special circumstances, but not when distortion- 
less amplification is desired. 


d. The reason underlying thé flattening of 
the dynamic transfer characteristics (fig. 78) 
is brought out in figure 79. This is the static 
plate family of the 6SJ7 with load lines drawn 
on them. Load lines may be drawn very simply 
on the plate-current plate-voltage characteris- 


tics by connecting two points; one point is on 
the Y-axis (plate current) and the other on 
the X-axis (plate voltage). On the Y-axis, the 
point is obtained in the following manner. By 
Ohm’s law, 7, = E£,,/R:, or the current through 
the load resistor, ¢,, equals the voltage across it, 
Ey, over the value of its resistance, Rz. Conse- 
quently, for different values of R, different 
load Jines are obtained. On the X-axis, the point 
is obtained by applying the value of Z,, that is 
used in the circuity. Under this condition, no 
plate current is flowing through the circuit 
and, therefore, no voltage drop appears across 
the load resistor. The load lines in figure 79 
intersect the plate current curves below the 
knee of each curve, resulting in very little 
change in plate current as the grid bias is re- 
duced. 


e. By reducing the screen voltage, Hi, to 
perhaps one-seventh or one-tenth of the plate- 
supply voltage, the slope of the plate-current 
rise for low values of plate voltage is made very 
steep. For instance, with a screen voltage of 
100 volts (E.2 = 100) and a control voltage of 
0 volts, the knee of the plate-current curve is 
reached with the plate-supply voltage equal to 
approximately 40 volts (fig. 79). When the 
screen voltage is reduced to 40 volts, the same 
point is reached with a plate voltage of only 
about 16 volts. A similar improvement is at- 
tained for each value of control-grid voltage. 
Of course, the reduced screen voltage reduces 
the plate current, but this is secondary in im- 
portance to the improvement in the character- 
istics and utility. 


_ f. The benefits derived by reducing the value 
of . are shown in the dynamic transfer char- 
acteristics illustrated in figure 80. Compare 
these curves with those in figure 78, especially 
the curve for R, — 100,000 ohms. Note that 
while all curves are nonlinear, the 106,000-ohm 
load curve approaches R,;, — 0 and is without 
the flat portion shown in figure 78. As a mat- 
ter of fact, a load somewhat in excess of 100,000 
ohms is tolerable. The R, =— 100,000-chms 
curve has been straightened because its load 
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Figure 79, Load lines of 0 ohms, £0,000, 50,000, and 100,000 ohms drawn on plate family of 6SJ7 pentode. 


Tine intersects the static plate-current curves 
over their relatively flat portions. Curves for 
R, = 30,000 and 50,000 are not included in fig- 
ure 80 because they closely resemble the R, = 
16,006 curve. 


g. From the transfer characteristics for R, 
=+ 250,000 ohms and FR, = 500,000 ohms (fig. 
80), it is evident that loads in excess of perhaps 
150,000 ohms again cause considerable distor- 
tion. Even &, — 200,000 ohms begins to show 
some reverse curvature. 


hk. Another significant fact present in figure 
80 relates to the usable range of control-grid 
voltages. Obviously, the control-grid voltage 
cannot exceed a maximum of slightly more than 
2.5 volts, or plate-current cut-off is reached. 
This sets the operating point at about —1.5 
volts. Even then, the curvature in R; = 0 ohms 
and B, 100,000 ohms indicates unavoidable 
distortion. 


i, Relatively low grid-voltage swing or sig- 
nal input is a requirement in pentodes. This is 


a standard compromise. For example, in figure 
80, distortion is minimized by selecting —1.25 
volts as the operating point and limiting the 
control-grid voltage swing to about .5 volt peak- 
to-peak. In this way, the increased curvature 
of Ry = 100,000 ohms below —-1.5 valts does 
little harm. 


70. Beam Power Tube 


a. The beam power tube has the advantages 
of both the tetrode and the pentode tube. This 
tube is capable of handling relatively high lev- 
els of electrical power for application in the 
output stages of receivers and amplifiers, and 
in different parts of transmitters. The power- 
handling capacity stems from the concentration 
of the plate-current electrons into beams or 
sheets of moving charges. In the usual type of 
electron tube the plate-current electrons ad- 
vance in a predetermined direction but without 
being confined into beams (fig. 81}. 


b, The external appearance of these tubes is 
like that of other receiving-type tetrodes or 
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Figure 81. Electrons concentrated into beams in beam power tube. 


pentodes. They are slightly larger in dimen- 
sion because they are called upon to handle 
somewhat more power, but they have no dis- 
tinctive externa] identifying features. 


¢. The constructional details of a beam power 
tube which contains beam-forming plates are 
shown in figure 81. It is not evident, however, 
that the control-grid and screen-grid electrode 
windings are of the same pitch, and that the 
wires of these electrodes are physically in line 
with each other relative to the paths of the 
plate-current electrons {fig. 82). 


d. A of figure 82 illustrates how the screen- 
grid wires and control-grid wires in the ordi- 
nary tetrode determine the electron paths. 
The wires are out of alinement; therefore, elec- 
trons which pass through the control-grid wires 


are partly deflected from their paths and many 
strike the screen wires. This produces a screen 
current and thus limits the value .of plate cur- 
rent. 


e. In B the results are different. Because of 
the arrangement of the control and screen 
grids, the screen intercepts fewer electrons; 
therefore, the relative screen current is less in 
the beam power tube than in the ordinary 
tetrode; or pentode. In turn, more electrons 
reach the plate, thereby making the plate cur- 
rent higher. 


f. The cumulative effect of the arrangement 
in B is a tube in which the plate and the con- 
trol grid are electrically isolated; the plate 
current is high, the plate resistance is relatively 
low, and a substaritial amount of electrical 
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Figure 82. Electron paths in tetrode and beam-power 
tude. 


power can be handled with reduced distortion. 

g. The beam-forming plates (fig. 81) fur- 
ther influence the movement of the plate-cur- 
rent electrons from the time they pass the 
sereen electrode and strike the plate. The beam 


electrodes are connected internally to the cath- 


ode and consequently they are at the same po- 
tential as the latter. 


h. Because of this potential of the beam- 
forming plates, an effect equivalent to a space 
charge is developed in the space between the 
screen and the plate. The effect is as if a sur- 
face (dashed lines joining the ends of the beam- 
forming plates in fig. 83) existed in the screen- 
plate space. This is identified as the wirtuel 
cathode. The presence of this electric plane re- 
pels secondary electrons liberated by the plate 
and prevents them from moving to the screen. 
Figure 88 represents a beam power tube as 
seen from the top of the envelope. 


i. In some tubes, the effect of a virtual cath- 
ode is achieved by the use of a third grid in 
place of the beam-forming plates. The results 
are identical in both versions. In order to sat- 
isfy the two types of construction, two refer- 
ences are made to the symbol of the pentode 
(fig. 84}. A symbolizes the beam power tube 
with the beam-forming plates and B symbolizes 
the version in which a grid replaces the beam- 
forming plate. There is no difference between 
the symbol shown in B and that of the ordi- 
nary pentode (B of fig. 73). 
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Figure 8%. Effect of beam-forming plates on electron flow through beam power tube. 
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Figure 84. Symbols for beam power tubes, 


j. For comparison, figure 85 shows the plate- 
current plate-voltage characteristics of a beam 
power tube and of a conventional pentode. 
Note the rapid rise in plate current for the 
beam power tube.as shown by the solid line. 
The more gradual rise for the normal pentode 
shown by the dashed line is an important detail 
relative to power-handling ability with mini- 
mum distortion. The solid-line curve shows 
that the zone in which the plate current is pri- 
marily a function of the plate voltage is much 
more limited; the plate current becomes sub- 
stantially independent of plate voltage at much 
lower values of plate potential. This character- 
istic enables the beam power tube to handle 
greater amounts of electrical power at lower 
values of plate voltage than in the ordinary 
pentode. In addition, the beam power tube pro- 
duces less distortion than the ordinary pentode 
while accommodating an increased grid swing 
and plate-current change. 
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Tharacteristic curve for beam power tube 
‘red with same curve for pentode. 


71. Pentodes as Triodes 


a. Several pentode types are so designed that 
they can be used as triodes, as labeled in tube 
data handbooks where information concerning 
their operating characteristics also is given. 
Speaking in generalities, the identity of the 
pentode is lost when the tube is triode-con- 
nected. When so arranged, it displays the char- 
acteristics of triodes, as outlined in chapter 4. 


b. Triode behavior may be accomplished in 
several ways, as indicated by the principal cir- 
cuit arrangements in A and B of figure 86. All 
tube electrodes terminate in pins on the tube 
base. In A, grids G2 and G3 are connected to 
the plate. In B, the cathode is connected to 
the suppressor and the screen grid is connected 
to the plate. 


TM 662-95 
Figure &6. Typical example showing pentode connection 
ta triode. 


72. Variable-» Tubes 


a. The amplification constant, or », of an 
electron tube has been described as being a 
function of the geometry of the tube—that is, 
of the shape and organization of the electrodes. 
Slight variations in its value may occur under 
different operating-voltage conditions but, for 
all practical purposes, it is considered to re- 
main substantially constant. This accounts for 
the fact that each vacuum tube bears a single-» 
rating which is assumed to be fixed. 

&. The amplification constant of a tube ex~ 
presses the relationship between plate-current 
cut-off and negative grid voltage when a fixed 
value of plate voltage is applied. That is, when 
the input signal, e,, is made sufficiently nega- 
tive, the plate current, 7,, is 0 and the plate volt- 
age, E’,», equals e,. This was explained in chap- 
ter 4. High-» tubes such as tetrodes and 
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pentodes, especially the latter type, reach plate- 
current cut-off at relatively low values of nega- 
tive grid voltage. Low-» tubes allow the appli- 
eation of much higher negative grid voltages 
before cut-off is reached. 


c. Such plate-current grid-voltage relation- 
ships and the fixed-» constant stem from the 
kind of control-grid structure used in most of 
the electron tubes that have been discussed pre- 
viously. That is, the turns of the control grid 
are uniformly spaced throughout the length of 
the structure. The application of a voltage to 
the control grid results in the same effect on 
the plate-current electrons all along the con- 
trol-grid wires. 

d. The fixed-p» state poses a problem when 
high-» tubes such as tetrodes and pentodes are 
used in communications systems. Frequently 
large-amplitude signals are encountered and 
they must be controlled in the equipment in or- 
der to produce the desired intelligence with a 
minimum of distortion. 


METAL 
ENVELOPE 


CATHODE 


@ To minimize these effects, special kinds of 
tetrodes and pentodes are used. These are 
known as variable-, tubes and differ from ordi- 
nary tubes in the construction of the control 
grids, In these tubes the grid wires are un- 
equally spaced. The turns are closer together at 
the top and bottom of the winding and wider 
apart at the center. This form of control-grid 
construction, shown in the metal-type 6SK7 
pentode {A of fig. 87), produces a tube which 
does not have a constant »; instead, » changes 
with the value of grid voltage applied to the 
control grid. 


f. At low values of bias the grid operates in 
a normal manner. As the control grid is made 
more negative, the effect of the closely spaced 
grid wires becomes greater and the electron 
flow from the space charge in this region is cut 
off completely. The center of the grid structure 
also displays a greater effect but still allows 
electrons to advance to the screen and plate. 
The over-all reduction in plate current there- 
fore is gradual. Eventually, with sufficient 
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Pigure 87. Construction of variable-p pentode and its plate-current grid-voltage characteristic. 
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negative voltage on the grid, all parts of the 
grid electrode winding act to cut off the plate 
current, but the negative grid voltage required 
to attain this is perhaps three to four times as 
much as, if not more than for the conventional 
tube operated at like screen and plate voltages. 
The plate-current grid-voltage characteristic of 


Section Hil. MULTIGRID 


73. Multigrid Tubes 


a. INTRODUCTION AND SYMBOLS. Tubes which 
have more than three grids commonly are re- 
ferred to as muitigrid tubes. For instance, if a 
grid is added to a pentode, a six-electrode mul- 
tigrid tube results. This tube is known as a 
hezode, The schematic symbol for an indirectly 
heated hexode is shown in A of figure 88. Other 
Multigrid tubes are the heptode, shown in B, 
which contains five grids, and the octode, in C, 
which has six grids. In these tubes, as in the 
basic types, the grids are designated in numer- 
ical order starting with the control grid, as 
shown. 


OCTOOE 
A B c 
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HEPTODE 


HEXOOE 


Figure 88. Schemetic symbols of multigrid tubes. 


b. USES OF MULTIGR TURES. The hexode is 
an experimental tube and is never manufac- 
tured commercially. Heptodes, also known as 
pentagrid tubes because of their five grids, are 
used mostly in frequency converter or mixer 
circuits. When a heptode is used as a frequency 
converter, two voltages having different fre- 
quencies are each impressed on a separate grid 
of the tube. Heptodes also are used as volume 
cormmpressors and expanders. In these applica- 
tions the gain of an amplifier is controlled at- 
tomatically. The octode, just as the heptode, 
also is used as a frequency converter. 


a variable-» tube, 6SK7, is shown in B of figure 
87. A standard pentode eurve, 6SJ7, is shown 
for comparison. 

g. Variable-x tetrodes and pentodes are used 
in locations in communications equipment 
where high bias voltages may be necessary to 
provide control of the signal level. 


AND MULTIUNIT TUBES 


¢c. SUPERHETERODYNE ACTION. 


(1} Multigrid frequency-converter tubes 
are used in superheterodyne receivers. 
In this application, two different -fre- 
quencies beat or heterodyne with each 
other to form additional frequencies 
called beat frequencies, One of these 
beat frequencies is equa! numerically 
to the sum of the two applied frequen- 
cies; the other beat frequency is equal 
numerically to their difference. It is 
possible to obtain the sum and differ- 
ence frequencies because the tube has 
a nonlinear dynamic characteristic. 
In superheterodyne receivers only one 
frequency output from the converter 
system is desired. Whether the sum 
or the difference frequency is chosen, 
it is known as the intermediate fre- 
quency of the receiver. It is common 
practice to use the difference fre- 
quency (fig. 89). The r-f (radio-fre- 
quency) input signal from the trans- 
mitter and the local oscillator signal 
are injected simultaneously inte the 
frequency converter. Suppose that the 
desired intermediate frequency is 465 
ke (kilocycles) and that the transmit- 
ting station frequency is 1,000 ke. The 
oscillator then can operate at a fre- 
quency of 1,465 ke (1,000 plus 465) 
to produce the desired intermediate 
frequency. 


(2) Two systems can be used to obtain the 
desired intermediate frequency. In 
one system the oscillator is a separate 
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Figure 89. Superheterodyne action. 


tube, usually a triode, whose output 
signal is coupled to the frequency con- 
verter tube, usually a pentode or a 
heptode. In this system the frequency- 
converter tube commonly is known as 
a mixer. The other system uses 2 sin- 
gle tube as both the frequency con- 
verter and the oscillator. In the lat- 
ter arrangement, a heptode is used 
most often. The tube then is known 
as a pentagrid converter. Both sys- 
tems commonly are found in super- 
heterodyne receivers. 


a. PENTAGRID CONVERTER. 

(1) The circuit arrangement of a heptede 
used as a pentagrid converter is shown 
in figure 90. The purpose of the penta- 
grid converter is threefold. It acts 
as an oscillator, as a mixer, to obtain 
the intermediate frequency, and as an 
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amplifier. The r-£ input signal orig- 
inating at a transmitter is designated 
as €, and the oscillator circuit is shown 
as a block. An L-C (inductance ca- 
pacitance} tuned circuit is the load. 
Capacitor C is made variable to tune 
the circuit to the intermediate fre. 
quency. The d-c operating potentials 
are indicated by Zw, By,, and Be. 


(2) The pentagrid converter tube can be 


considered as made up of two parts, 
a triode and a tetrode. In the triode 
section, K is the cathode, Gi is the 
contro] grid, and G2 operates as the 
plate. Physically, G2 consists only of 
a pair of vertical rods across which no 
grid wires are strung. For the tetrode 
section, G4 is the contro! grid, G3 and 
G5 are the screen grids, and P is the 
plate. Grids G3 and G5 are connected 
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Figure 90. Pentagrid converter circuit, 
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(3) 


(4 


~— 


(5) 


internally as shown. G3 prevents in- 
interaction between the oscillator cir- 
cuits and the r-f input signal circuits. 
G4 prevents interaction between the 
i-f (intermediate-frequency) output 
on the plate and e,. The cathode for 
the tetrode section exists virtually be- 
tween G3 and G4. 


Electrons emitted from the surface of 
the cathode, K, are influenced by the 
various elements within the tube. In 
practice, G1 receives 3 to 6 percent of 
the electrons emitted, G2 receives 
about 40 percent, G3 and G5 receive 
about 25 to 30 percent, and the plate 
receives the remaining electrons, about 
30 percent. The tube is biased so that 
G4 does not draw current. 


Oscillation is produced because of 
feedback from G2 to G1 in the oscil- 
lator circuit. This causes G1 to he- 
come alternately positive and nega- 
tive. Consequently, the current flow 
through the tube is a]ternately in- 
creased and decreased. Many of the 
electrons which approach G2 flow be- 
yond it, because of its open structure, 
even though it is highly positive. Elec- 
trons passing G2 are further accel- 
erated by the high positive potential 
of G3. Grid G4 is always negative, and 
therefore tends to retard the electrons 
approaching it. This action produces 
a virtual cathode between G8 and G4. 
The electron flow from this virtual 
cathode is varied or modulated by the 
r-f signal, ¢, that is injected on G4. 
The electrons then are drawn to the 
plate, which is highly positive. 

If G1 is slightly negative, or even 
somewhat positive, the virtual cathode 
is able to supply the plate of the tet- 
rode section with sufficient electrons. 
On the other hand, if G1 is made very 
negative, a deficiency of electrons 
exists at the virtual cathode which 
may even cut the tube off. As a re- 
sult of this variation in the virtual 
cathode, a current is produced at plate 
P which varies at the oscillator fre- 
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quency. However, the electron stream 
is further modulated by the signal in- 
jected on G4. In this way, both the 
oscillator signal and the r-f input sig- 
nal on G4 modulate the electron 
stream, with the result that i-f signals 
are produced in the plate circuit. The 
L-C tuned circuit selects the desired 
intermediate frequency. 


Several tube types can be used in the 
circuit shown in figure 90. Examples 
are the 1A7, 6A7, 6A8, and 7B8. These 
tubes operate satisfactorily at medium 
and low frequencies. However, be- 
cause of reduced oscillator output and 
undesirable interaction effects at 
higher frequencies, other pentagrid 
converters sometimes are used. In 
this type no electrode operates solely 
as the oscillator plate (fig. 91). 
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Figure 91. Another form of pentagrid converter. 
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(7) This form of pentagrid converter can 


be considered as a triode and a pent- 
ode. The triode section forms the os- 
cillator and consists of cathode K, 
control grid G1, and grid G2. The r-f 
signal input is injected Into G3. Grid 
G4 is connected internally to G2. The 
two grids serve as the screen grid of 
the pentode section in addition to the 
plate of the triede (oscillator) section. 
They also minimize any interaction 
between the oscillator and input signal 
circuits by shielding G3. Grid G5 is 
the suppressor of the pentode section; 
in some tubes it is connected internally 
to the cathode; in other heptodes it 
has an externa! pin connection. Ex- 


amples of heptodes with a suppressor 
grid are the IR5, 6SA7, 7G7, 12SA7, 
and 14Q7.. 


74. Multiunit or Dual-purpose Tubes 


a. A multiunit or dual-purpose tube is one in 
which two or more individual tube-element 
structures are combined within a single en- 
velope. As a result, compactness, economy, and 
more satisfactory operation for certain pur- 
poses are achieved. The most commonly used 
multiunit tubes, known as duo-diodes and duo- 
triodes, combine two diode or two triode ele- 
ments. Frequently, a single common cathode 
is used which supplies electrons to both sets of 
elements in the multiunit tube. Occasionally, 
an electrode of one set of elements is connected 
internally to an electrode of another set of 


elements. 


CUO - DIODE DIODE - TRIQOE 


A 


@ © €> 


DUO-DIODE- Oud-DIODE- TRIPLE - DIODE- 
TRIODE PENTODE TRIODE 


F G 


OIODE- 
BEAM POWER 


TRIGDE - HEXODE 


DIODE- TRIODE- 
PENTODE 
K 


%. There are many types of multiunit tubes, 
used for a wide variety of purposes. The sche- 
matic symbols of the most common ones are 
shown in figure 92. The tube whose symbol is 
shown in A can be used as a full-wave rectifier, 
an f-m (frequency-modulated) discriminator, 
or a combination detector and ave (automatic 
volume control) rectifier. The diode-triode, in 
BE, can be used as a diode detector and a triode 
amplifier. The duo-triode, in BE, is used as a 
push-pull amplifier, two amplifiers in cascade, 
or as a special type of complex-wave generator. 
The triode-hexode, in L, and the triode-heptode, 
in M, are used as mixer-oscillators in superhet- 
erodyne receivers. 


c. Table I lists typical examples of multipur- 
pose tnbes to be found in receiving-type equip- 
ment. The ietters in the first column refer to 
the symbols used in figure 92. 


DIODE - PENTODE DUO-TRICDE 
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L 


TM 642-104 


Figure 92. Tube symbols for multiunit tubes. 
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Table I. Examples of Multipurpose Tubes in Receiving 


Symbol 

desig- Multipurpose 

nation tube Exampies of tube types 
E Duo-triede__________. 196, 636, 6N7, 6NS7, 

6SL7, 12AT7, 12AU7 
F Duo-~<diode-triode_____ 1H, 6AQ7, 65Q7, 6V7, 
7K, TE, 128Q7 

G | Duo-diode-pentode___.| 1F 6, 7R7, 14E7, 14R7 
#H Triple-diode-triode___ | 688, 678, 12S8 
I Duo-pentode__..____- 1E7 
J Triode-pentode______. 6AD7, 6P7, 26B8 
K Diode-triode-pentode.. | 3A5 
L Triode-hexode_______. 6KS8, 12K8 
M Triode-heptode______. 737, 7S7, 1457 


Section IV. SUMMARY AND REVIEW QUESTIONS 


Equipment 
Symbol 
dantg- Multipurpose 
nation tube Examples of tube types 
A | Duo-diode____-______ 5U4, 6V4, 6Y3, 6AL5, 
6X5, 12AL5 
Bj Diode-triode_____-_.. 156, 1LH4 
C | Diede-beam power___-| 70L7, 117L7, 117N7, 
: 1i7P7 
D_ | Disde-pentode_______. 1N6, LT6, 6SF7, 12A7, 
12SF7 
75. Summary 


a. The use of a triode is unsatisfactory in 
high-frequency systems because of feedback 
which is caused by interelectrode capacitance. 

'b. A tetrode contains an electron emitter, a 
control grid, a screen grid, and a plate. 

c. In receiving-type tetrodes, the cap on the 
top of the tube is connected to the control grid. 
In transmitting-type tetrodes, the cap is con- 
nected to the plate to reduce the capacitance 
between control grid and plate. 

d. In a tetrode, the screen grid is made posi- 
tive with relation to the cathode. In most cases 
the d-c screen voltage is appreciably less than 
the d-c plate voltage. 

e. The main purpose of the screen grid is to 
reduce the interelectrode capacitance between 
the plate and control grid, thereby preventing 
self-oscillation. 

f. The plate current in a tetrode is not greatly 
affected by changes in plate voltage. 

g. Secondary emission occurs in a vacuum 
tube when electrons from the space charge 
strike the plate with sufficient force to dislodge 
secondary electrons from the plate itself. 

h. The movement of secondary electrons in 
the opposite direction to the. reguiar current 
fiow results in a dip in the plate-current plate- 
voltage characteristic curve of a tetrode. 

4. In a tetrode, 7, and » are high and ¢g,, re- 
Mains about the same as in a triode. 

j. The main advantage of a tetrode compared 
to a triode is that it has lower interelectrode 
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capacitance between control grid and plate and 
it affords greater amplification. 

k. The pentode uses a suppressor grid to re- 
duce the effects of secondary emission. 

i. The pentode produces more distortion than 
the triode but it is more widely used because of 
its other advantages. 

m. The beam power tube is capable of hand- 
ling high power levels. It is used in the output 
stages of receivers and amplifiers and in various 
parts of transmitters. 

m. To minimize the undesirable effects of dis- 
tortion, variable-» tubes are used. In these 
tubes, the amplification factor is determined by 
2 nonuniform grid structure. 

o. A six-electrode tube is a hexode; a seven- 
electrode tube is a heptode; and an eight-elec- 
trode tube is an octode. These are called multi- 
grid tubes. 

p. A tube which contains five grids and is 
used to operate as a frequency converter in a 
superheterodyne receiver is known as a penta- 
grid converter. 

gq. Multiunit tubes contain more than one set 
of elements within a single envelope. 


76. Review Questions 


a. Why are triodes undesirable for amplifica- 
tion at high frequencies? 

&. What are the fundamental differences be- 
tween the triode, the tetrode, and the pentode? 


c. To what electrode is the metal cap on top 
of a receiving tube usually connected? 

d. What is the difference between single- 
ended and double-ended tubes? 

e. What are the major differences between 
the circuits for a triode and a tetrode? 

f. What is the approximate value of inter- 
electrode capacitance in a tricde? In a tetrode? 

g. Do changes in E£,, affect the total current, 
4, +- 74,2, flowing through a tetrode? Why? 

hk. Explain what is meant by secondary emis- 
sion. 

i. Why do dips appear in plate-current plate- 
voltage characteristic curves of tetrodes? 

j. How do the plate-current plate-voltage 
characteristic curves of modern tetrodes differ 
from those of the older types? 

k. Generally speaking, how do u, g,, and r, of 
a tetrode compare with the same character- 
istics of a triode? 

i. How does a suppressor grid reduce the 
effects of secondary emission? 

m. In external appearance, what is the dif- 
ference between the tetrode and the pentode? 

o. Does the suppressor grid in a pentode re- 
duce the control grid-to-plate capacitance more 
than the screen grid in a tetrode? 

p. How do the plate-current plate-voltage 
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characteristic curves of a pentede compare with 
those of a tetrode? A triode? 

q. Why are pentodes used more often than 
triodes even though they produce more distor- 
tion? 

yr. Compare 7, Jn, and » of a pentode and a 
triode. 

s. Why is the g,, of a pentode about the same 
as the g,, of a tricde and a tetrode? 

t. Why are the dynamic transfer character- 
istic curves of most pentodes not linear? 


u. What effect is noted on the dynamic frans- 
fer characteristic if the screen voltage is re- 
duced to about one-seventh the value of the 
plate supply voltage? 

»v. What are the electrical and physical differ- 
ences between beam power tubes and ordinary 
tetrodes and pentodes? 


w. How does the physical arrangement of 
the screen grid in a beam power tube help pro-- 
duce a greater concentration of electrons? 

x. What are the physical and electrical differ- 


ences between a variable-» pentode and an 
ordinary pentode? 


y. What determines the amplification factor 
of a tube? 


z. What is the difference between a multigrid 
and a multiunit tube? 


EXTRACT TM 11-662 


CORRECTED COPY 


TM 11-662 
C2 


TECHNICAL MANUAL 
BASIC THEORY AND APPLICATION OF ELECTRON TUBES 
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TA 11-662, 20 February 1952, is changed as 
follows: 

Page 36, paragraph 27, Make the following 
changes in paragraph 27: 

a. Line 12. Delete “—(,Xr,)” from the equa- 
Gon. 
a. Delete lines 14 and 15. 

Delete 5. 

Page 48, paragraph S2/(2). Line 4. Change 
“in reference to ground” to read: in reference to 
the cathode. 

Page 60, paragraph 46a. Make the following 
ec anges: 

Second column, line 15. Change “‘It is a pure” 
to read: The amplification factor is a pure. 


Line 30, Change “y—t 100” to read: 
z= 10 = 100. 


Page §1, figure 66. 
change the word ‘‘amplifiaction” 
amplification. 

Page 64, paragraph 48e. Change the heading 
to read: Ae Plate Resistance. 

Page 65, paragraph 48 Make the following 
changes in paragraph 48: 

e(3). Line 15. Change “C” to read: 0. 

¢. Change Rp” in the heading to read: r,. 

Page 66, paragraph 49d. Change "Gy’' in the 
heading to read: gm. 

Page 67, paragraph 49. Change “G,y,” in the 
heading to read: gm. 

Page 6&7, paragraph 60. Change “R,” in the 
heading to read: 7,- 


In the figure caption, 
to reed: 
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DEPARTMENT OF THE ARMY 
Wassinoaron 25, D. C., 8 Nowember 1965 


Page 72, paragraph 52c(2). Make the following 
changes: 

In line 17 of the second column, on the page, 
change “E),” to read: E,. 

Line 19 of the second column. Change “‘bori- 
zontal” to read: vertical. 

Page 78, paragraph 5£c(2). 
“horizontal” to read: vertical. 

Page 74. 

jf. (Added) Use of Load Line to Illustrate 
Amplifiection. The output signal voltage and 
plate current that will result from s given input 
(grid) signal voltage can be clearly seen by using 
e load line on a plate family of characteristica. 
The grid input signal causes the grid voltage to 
vary along the load line. If an input signal with 
a swing of 0 to —8 volts is drawn perpendicular 
to the load line (e,, fig. 61.1), the output signal 
voltage may be obtained by drawing vertical 
fines from the maximum and minimum grid 
voltage points cn the load line to the plate voltage 
aris, It can be seen that the plate voltage 
swing, ©, and consequently, the output signal, ia 
125 volte. Therefore, an input grid signal of 8 
volts is amplified by the tube to an output signal 
of 125 volts. However, the output wave form 
(fig. 61.1} may appear smaller than the input. 
This is because the scale on which the output 
voltage is drawn (plate volts acale) differs from 
that on which the input signal is drawn (grid bias 
scale). The plate current variation, i,, can be 
teen by drawing horizontal lines to the plate 
current axis. This shows that the plate current 
varies between §.3 and ‘10.3 milliamperes. Thus, 
by plotting the input signal wave form on @ load 
line, the relationship, at any instant, between the 
input and output signdls may be quickly and 
easily determined. 


Line 5. Change 
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Figure 61.1. (Added) Plate characteristics showing signal woltage amplification. 
Page 91, paragraph 6@k. Line 4. Chbenge “5” Poge 96, paragraph 67a. Line 6. Change 


to read: 1.5. 

Page 94, paragraph 66. Make the following 
changes in c: 

Line 2 of the second column of the page. Delete 
“as in figure 75." 

Line 4. Change “in otber types, the connection 
ims” to read: im other types as im Sgure 75, the 
connection is. 


“ey=Cy,"' to rend: €,—= Egy. 

Page 116, figure 96. Ptace the letter “L” at the 
intersection of the plate current axis and the 
characteristic curve. 

Page 180, paragraph Mat}. Line 18, Change 
“changes negligibly and” to read: changes negil- 
gibly threaghoul the middie frequency range and. 
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Pags 180, paragraph 903(1). Line 5. Change 
‘low-middle and high-frequency” to read: low-, 
middie-, and high-frequency. 

Page 135, paragraph 92d. Laine 9 in the second 
column on the page. Change “20X20=40” to 
read: 20X2= 40. 

Page 138, paragraph 95a. 
“minus” to rend: equals. 

Page 144, paragraph 101b(1). Delete the fourth 
sentence and substitute the following: The direc- 
tion of the electron current flow is opposite to the 
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direction of the artowhead in the schematic 
aymboi for the crystal. 

Page 146, figure 118. Reverse the connections 
to the symbol for the crystal. Connect point A 
to the arrowhead and connect the fiat portion of 
the crystal symbol to the resistor, 

Page 145, figure 119. Reverse the connections 
w the symbol for the crystal. Connect the 
generator to the arrowhead and connect the fiat 
portion of the crystal symbo! to the junction of the 
capacitor and the resiator. 
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TM 11-662, 20 February 1952, is changed as follows: 
Change “R.=25,000V” on the loadline to: Rp=25,0002 in the following places: 
Page 72, figure 61. 
Page 74, figure 61.4 (page 2 of C 1). 
Page 17, paragraph 166. Make the following changes: 
Line 4. Change “attract” to repel. 
Line 5. Change “repel” to attract. 
Page 38, paragraph 30/. Delete subparagraph f/ and substitute: 
f. Static characteristics are obtained with different dc potentials applied to the tube electrodes, 
whereas dynamic characteristics are obtained with a load in the circuit. 
Page 58, paragraph 43d(3}, last sentence. Change “charge” to change. 
Page 62, paragraph 475(3), line 4. Change “—9" to -8, 
Page 64, paragraph 48c. Make the following changes: 
Line 6. Change ‘'265” to 285. 
Line 8. Change ‘33,100 to 35,625. 
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